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Abstract 

A search has been performed for pair production of heavy vector-like down-type {B) quarks. 
The analysis explores the lepton-plus-jets final state, characterized by events with one iso¬ 
lated charged lepton (electron or muon), significant missing transverse momentum and mul¬ 
tiple jets. One or more jets are required to be tagged as arising from fi-quarks, and at least one 
pair of jets must be tagged as arising from the hadronic decay of an electroweak boson. The 
analysis uses the full data sample oi pp collisions recorded in 2012 by the ATLAS detector 
at the LHC, operating at a center-of-mass energy of 8 TeV, corresponding to an integrated 
luminosity of 20.3 fb”L No significant excess of events is observed above the expected 
background. Limits are set on vector-like B production, as a function of the B branching 
ratios, assuming the allowable decay modes are B WtIZbIHb. In the chiral limit with a 
branching ratio of 100% for the decay B —> Wt, the observed (expected) 95% CL lower limit 
on the vector-like B mass is 810 GeV (760 GeV). In the case where the vector-like B quark 
has branching ratio values corresponding to those of an S C(2) singlet state, the observed 
(expected) 95% CL lower limit on the vector-like B mass is 640 GeV (505 GeV). The same 
analysis, when used to investigate pair production of a colored, charge 5/3 exotic fermion 
T5/3> with subsequent decay T 5/3 Wt, sets an observed (expected) 95% CL lower limit on 
the r 5/3 mass of 840 GeV (780 GeV). 
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1 Introduction 


A natural extension of the Standard Model (SM) is the introduction of new fermions besides the usual 
three generations of chiral leptons and quarks. Extensions of this type have been used to introduce new 
scales that assist in the unification of gauge couplings in nonsupersymmetric models as well as certain 
supersymmetric models [1, 2, 3, 4] and to provide new sources of CP violation [5, 6 ]. Additional quarks 
also arise naturally when considering Little Higgs models [7, 8 ], models with a composite Higgs [9, 10, 
11, 12], nonminimal supersymmetric models [13], and nonsupersymmetric “natural” models [14]. 

The recent discovery [15, 16] of a Higgs boson with a mass near 125 GeV has modified rather than 
eliminated expectations for additional quarks. SM-like “sequential” fourth-generation quarks are disfa¬ 
vored, though not completely excluded [17, 18, 19, 20]. On the other hand, so-called “vector-like” quarks 
(VLQs), for which both the left- and right-handed fields Iransform idenfically under fhe SU{2) x 17(1) 
gauge Iransformalions [21], remain viable. Indeed, VLQs could play a role in sfabilizing fhe elecfroweak 
vacuum in lighf of fhe observed Higgs mass [22]. In confrasl fo sequential chiral quarks, VLQs neifher 
acquire mass fhrough elecfroweak symmefry breaking nor modify precision elecfroweak observables sig- 
nificanfly. Anofher distinguishing fealure is fhaf VLQs can have large flavor-changing neufral currenf 
(LCNC) decay rales. Lor inslance, whereas a heavy new chiral down-lype quark (< 74 ) would decay pre- 
dominanfly via —> Wt, a veclor-like down-lype quark of charge -1/3 (denofed hereaffer by B) could 
decay via B ^ Zb and B Hb, in addifion lo via B Wt. Likewise, a veclor-like up-fype quark of 
charge 2/3 (denofed by T) could decay nol only via T Wb bul also via T ^ Zt and T Ht. The val¬ 
ues of fhe VLQ B and VLQ T branching rafios are determined by fhe VLQ mulliplel slruclure and effecls 
such as fhe VLQ mixing wifh SM quarks [21, 23]. If is usually assumed fhaf new heavy quarks of eilher 
lype would couple primarily lo fhe fhird generalion of SM quarks, for inslance in order lo suppress LCNC 
inferaclions among fhe SM quarks [24], bul couplings lo lighter generalions are nol excluded [25, 26]. 

The ATLAS collaboration has published searches for sequential down-lype fourlh-generalion quarks [27] 
and for heavy quarks decaying via a neufral currenf [28]. More recenfly, limils on VLQ B masses have 
been quoted from an ATLAS analysis of fhe Zb final slale in lerms of VLQ mulliplel slruclure, wilh a 
95% CL lower limil of 685 GeV for an S U{2) singlel and 755 GeV for an S U{2) doublel [29]. The CMS 
collaboration has reported exclusion limils on 75/3 al 800 GeV [30] and on B assuming 100% branching 
ratio lo Wt a.t 675 GeV [31]. 

Al a hadron collider, slrong interactions among Ihe initial slate parlons can lead lo fhe production of 
quark-anliquark pairs. This article presenls a search for VLQ B pair production, using Ihe full dalasel of 
prolon-prolon (pp) collision evenls al a cenler-of-mass energy of = 8 TeV recorded in 2012 wilh Ihe 
ATLAS detector al Ihe CERN LHC. The analysis explores Ihe leplon-plus-jels final slate, characterized 
by evenls wilh one isolated charged lepton (election or muon), significanl missing Iransverse momenlum 
(Ihe magnilude of which is referred to as L™®*), and multiple jels. The main SM backgrounds to Ihis 
signalure are evenls wilh production of a top quark and anlilop quark (tt) and evenls wilh a W boson 
produced in association wilh jels {W + jels). The analysis requires lhal one or more jels are lagged 
as arising from b quarks and lhal al leasl one pair of jels is lagged as arising from Ihe hadronic decay 
of an elecfroweak boson. These requiremenls are designed primarily to address Ihe signalure BB 
W^W~ft —> W'^W~W^W~bb bul also to relain sensilivily to olher VLQ B (and T) decay signalures. In 
addition, since Ihe analysis does nol distinguish Ihe charges of Ihe hadronically decaying W bosons, il 
also has sensilivily to pair production of a colored charge 5/3 exotic fermion, denoted by 75 / 3 , lhal decays 
via 75/3 Wt to 2 lW boson and top quark of Ihe same charge sign. The is predicted, for example, 
in some composite Higgs models [11]. 
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After a brief description of the ATLAS detector in Sec. 2, Sec. 3 describes the samples of data and Monte 
Carlo (MC) simulation events used. Section 4 describes how the various reconstructed objects in the final 
state are reconstructed and identified. The evenf selecfion is described in Sec. 5, followed in Sec. 6 by a 
discussion of fhe analysis strategy. Section 7 describes how the background is characterized, and Sec. 8 
describes the systematic uncertainties. Section 9 presents the results and, since no signal is observed, 
provides the limits that are set on VLQ B and production. A summary and conclusions are given in 
Sec. 10. 

2 The ATLAS Detector 

The ATLAS detector [32] covers nearly the entire solid angle around the collision point and consists of an 
inner tracking detector surrounded by a solenoid, electromagnetic (EM) and hadronic calorimeters, and a 
muon spectrometer incorporating three large toroidal magnet systems, each with eight coils. 

The inner-detector system (ID) is immersed in a 2 T axial magnetic field, provided by a fhin supercon¬ 
ducting solenoid locafed before fhe calorimeters and provides charged-parficle fracking in fhe pseudora- 
pidify range \t]\ < 2.5. ^ The ID consisfs of fhree defecfor subsysfems, beginning closesi fo fhe beamline 
wifh a high-granularify silicon pixel detector, followed af larger radii by a silicon microsfrip fracker and 
fhen a sfraw-fube-based fransifion radiafion fracker. The ID makes possible an accurate reconsfrucfion 
of fracks from fhe primary collision and precise determination of fhe location of fhe primary vertex, as 
well as reconsfrucfion of secondary verfices due fo decays of long-lived parficles, such as fhose including 
f7-quarks. 

The ATLAS calorimefer system covers fhe pseudorapidify range It/I < 4.9. Finely segmented EM sam¬ 
pling calorimeters, using lead as fhe absorber material and liquid argon (EAr) as fhe active medium, 
cover fhe barrel (\r]\ < 1.475) and endcap (1.375 < \t]\ < 3.2) regions. An additional fhin EAr presam¬ 
pler covering \r]\ <1.8 allows correcfions for energy losses in maferial upsfream of fhe EM calorime- 
fers. Hadronic calorimefry is provided by a sfeel/scinlillalor-lile calorimeter, segmented into three bar¬ 
rel structures within \t]\ < 1.7, and two copper/LAr hadronic endcap calorimeters that cover the region 
1.5 < \r]\ < 3.2. The solid angle coverage is completed with forward copper/EAr and tungsten/EAr 
calorimeter modules, optimized for EM and hadronic measurements, respectively, and covering the re¬ 
gion 3.1 < It/I < 4.9. 

Outside the calorimeters lies the muon spectrometer, which identifies muons and measures fheir deflection 
in a magnefic field generated by superconducfing air-core foroidal magnef sysfems. The specfromefer is 
made up of separafe frigger and high-precision fracking chambers. The precision chambers cover fhe 
region |t/| < 2.7 wifh fhree sfafions of monifored driff-fube chambers, complemenfed by cafhode-sfrip 
chambers in fhe forward region. The trigger system covers the range |t/| < 2.4, using resistive plate 
chambers in the barrel and thin-gap chambers in the endcap regions 

ATEAS uses a three-level trigger and data acquisition system. The first-level trigger system is imple¬ 
mented in custom electronics, using a subset of the detector information to reduce the maximum event 


* ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector 
and the z axis along the beam pipe. The x axis points from the IP to the center of the LHC ring, and the y axis points 
upward. Cylindrical coordinates (r, 0) are used in the transverse plane, (p being the azimuthal angle around the beam pipe. 
The pseudorapidity is defined in terms of the polar angle 6 as ;/ = - In tan((9/2), and angular distance is measured in terms of 
A/e= V(^ -I- (Apy. The transverse energy is defined ns Ej = E sin 6. 
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rate to a design value of 75 kHz. The second and third levels use software algorithms running on computer 
farms to yield a recorded event rate of approximately 400 Hz. 


3 Data and Monte Carlo Simulation Samples 

This analysis uses the full dataset of 8 TeV pp collision events recorded in 2012 with the ATLAS detector 
at the LHC. The data sample, after applying quality criteria that require all ATLAS subdetector systems to 
be functioning normally, corresponds to a total integrated luminosity of 20.3 fb“^. Events were required 
to pass either a single-electron or single-muon trigger designed to result in roughly constant efficiency for 
electrons and muons identified with the criteria described in Sec. 4. 

Simulated MC samples of events with VLQ BB production were generated using Protos [33] (version 
2.2) and Pythia [34] (version 6.421) with the ATLAS AUET2B MC parameter set (tune) [35] for parton 
showering and the underlying event and MSTW2008 parton distribution functions (PDEs) [36]. VEQ 
B masses were set to values from 350 to 850 GeV in 50 GeV steps. Production cross sections were 
normalized using predictions from Top-i-i- [37, 38] (version 2.0) at next-to-next-to-leading order (NNEO) 
in QCD with resummed next-to-next-to-leading-logarithm (NNEE) soft gluon terms and MSTW2008 
NNEO PDEs [36, 39]. Branching ratios to Wt, Zb, and Hb were set to 1/3 each; alternative branching 
ratio values were investigated by reweighting MC events according to generator-level information. Eor 
example, the SU(2) singlet point corresponds to a branching ratio to ITt between 32% and 47% (increasing 
with the mass of the B) and to Hb between 26% and 29% (decreasing with the mass of the B), over the 
mass range considered in this analysis. Events for a few mass points (400, 600, and 800 GeV) were passed 
through a GEANT4-based detector simulation [40, 41]. Eurther mass points were simulated using a faster 
simulation [42], but validated at the above mass points with the GEANT4-based simulation. Kinematically 
similar chiral d 4 samples, at mass values from 400 GeV to 1 TeV, in 50 GeV steps, were generated 
with Pythia [34] and also passed through fast detector simulation, and were used to bolster samples of 
simulated decays of VEQ B to Wt. All MC samples were reconstructed using the same algorithms used 
for the data. 

The signal process of pair production was simulated at T^/j, mass points ranging from 600 to 
1100 GeV, in 50 GeV steps, using Madgraph [43] and Pythia (version 8.175), with the ATEAS AU2 
tune [44] and CTEQ6E1 PDEs [45], and passed through the fast detector simulation. As for the VEQ B 
MC samples, the cross section for pair production was normalized using the NNEO-i-NNEE predic¬ 
tion from Top-i-i- [37, 38]. 

The dominant background in this analysis is due to production of tt pairs with additional jets, followed 
by W bosons produced in association with high-energy jets (“IT-i-jets”) and other, smaller background 
contributions. The tt background was modeled using the Powheg-box (version 1, r2330) next-to-leading- 
order (NEO) generator [46,47] interfaced to Pythia (version 6.427) with CTIO PDEs [48] and the Perugia 
P2011C tune [49] for parton shower and underlying event modeling and then normalized to the theoretical 
cross section calculated at NNEO with resummation of NNEE soft gluon terms [50, 51, 52, 53, 37, 38]. 
The VP-f-jets background, along with Z-i-jets, was modeled with Alpgen [54] (version 2.14) with up to five 
additional partons, and Pythia (version 6.426) using CTEQ6E1 PDEs. Both were normalized to inclusive 
NNEO cross sections [55, 56]. 

Among the smaller backgrounds, tt in association with a IT or Z boson (“tt + V”) was modeled with 
Madgraph [43] (version 5) and Pythia (version 6.425) with the CTEQ6E1 PDEs and normalized to the 
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NLO cross section prediction [57, 58]. Electroweak single top production was simulated using Powheg- 
Box (version 1, r2330) and Pythia (version 6.425) with the P2011C tune and CTIO PDFs for ^-channel 
and Wt processes and AcerMC [59, 60] (version 3.8) and Pythia (version 6.426) for the t-channel pro¬ 
cess. The combined single top sample, with overlaps between the Wt and tt samples removed [61], was 
normalized to approximate NNLO cross sections [62, 63, 64] using the MSTW2008 NNLO PDF set. 
Diboson {WW, WZ, ZZ) production was modeled using Alpgen (version 2.14) and Jimmy [65] for all 
processes except for the WZ channel where the Z boson decayed hadronically, in which case Sherpa [ 66 ] 
(version 01-04-01) was used. All diboson samples used CTIO PDFs and were normalized to the NFO 
cross-section calculation [67]. 

The normalizations and shapes of the background contributions are validated using data control regions 
(see Sec. 7). The multijet background contribution with misidentified lepton candidates is determined 
entirely with data-driven techniques. 

The effect of multiple pp interactions in the same or nearby bunch crossings (“pileup”) is taken into 
account in all simulations, and the distribution of the number of interactions per bunch crossing in the 
simulation is reweighted to that observed in the data. During the 2012 data-taking period, the average 
number of pp collisions per bunch crossing varied between 6 and 40, with a mean value of 20.7. 


4 Object Reconstruction and Identification 

The reconstruction and identification algorithms for electrons are described in Refs. [ 68 , 69]. Electrons 
are identified as isolafed EM calorimeter energy deposits, matched to reconstructed tracks in the inner 
detector, with transverse energy Ft > 25 GeV and pseudorapidity \r}\ < 2.47, excluding the transition 
region, 1.37 < \r]\ < 1.52, between the barrel and endcap calorimeters. The track must originate less than 
2 mm along the beamline from the primary vertex, which is defined as fhe reconstrucfed vertex with the 
largest sum of associated track In addition, nonprompt electrons are suppressed by imposing isolation 
requirements: the calorimeter Ft within a surrounding cone of AF = 0.2 and track pj within AR = 0.3, 
excluding the electron candidate itself, are each required to be smaller than Ft- (or pj-) and ly-dependent 
thresholds. The Ft and pj thresholds are determined separately to accept 98% of electrons from Z —> cc 
decays. Since electrons are also reconstructed as jets, the closest jet within AR = 0.2 of an electron is 
removed, in order to avoid using one reconstructed object multiple times. Finally, electron candidates 
within AR = 0.4 of jets, described below, are discarded. 

Muon candidates are found by matching tracks in the muon spectrometer and the inner detector with 
\t]\ < 2.5, Pi > 25 GeV and originating within 2 mm of the primary vertex [70]. Muon isolation is 
enforced by calculating the ratio I of the sum of the pj values of tracks in a cone of size AR =10 GeV 
to the transverse momentum pj of the muon candidate itself. A requirement of 7 < 0.05 is applied, 
which has an efficiency of 97%, as measured in Z ^ pp decays. As with electrons, muon candidates 
within AR = 0.4 of jets are discarded. 

Jets are defined using the anti-k, algorithm [71] with a radius parameter of 0.4, starting from calorime¬ 
ter energy clusters calibrated using the local weighting method [72, 73]. Jets are then calibrated using 
a simulation-based energy- and 77 -dependent calibration scheme. Jets with p^ > 25 GeV and |? 7 | < 2.5 
are considered for further analysis. Contributions to the jet momentum from pileup interactions are sup¬ 
pressed using a jet-area-based subtraction method [74]. Jets with pj < 50 GeV and |? 7 | < 2.4 are further 
required to have a jet vertex fraction (JVF) of at least 50%, where JVF is defined as the scalar sum of the 
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Pt of tracks associated with the jet cone which originate from the selected primary vertex, divided by the 
sum for all tracks associated with the jet. 

Jets are “tagged” as Z^-quark jets using a multivariate discriminant based on track impact parameters and 
reconstructed secondary vertices [75, 76]. The discriminant threshold is set to correspond to approx¬ 
imately 70% efficiency for Z>-quark jets from ft decays. This threshold achieves a rejection factor of 
approximately 140 against light-quark and gluon jets and 5 against charm-quark jets. 

In the lepton-plus-jets final-state topology studied, signal events should include, in addition to the W 
boson that decays leptonically and gives rise to the charged electron or muon and some number of 
hadronically decaying W and/or Z bosons. These hadronic decays of intermediate vector bosons can be 
reconstructed using pairs of jets with a dijet invariant mass value that lies within a window around the 
known W and Z masses. The masses of the W and Z bosons are sufficiently close in value so that, given 
the jet energy resolution, it would be difficult to separate hadronic W and Z decays; instead, a dijet mass 
window is used that is wide enough to select with high efficiency either W or Z candidates. 

In hadronic 'WjZ decays, the typical angular separation between the two daughter jets is related to the 
mass (m) and the transverse momentum (px) of the decaying IT/Z boson by AT? w 2 x m/px- 
bosons produced in the decays of massive VLQ B quarks typically possess large values of px, so that 
their daughter jets lie relatively close to each other in the detector. 

To reconstruct hadronically decaying IT/Z candidates, all pairs of jets are considered, and pairs are re¬ 
tained if they have a dijet mass within the range of 60-110 GeV, consistent with the W and Z boson 
masses. To reduce the combinatorial background in the high jet-multiplicity events considered, the two 
jets must be close to one another in the detector, separated by AT? < 1.0. In addition, the transverse 
momentum of the dijet system must satisfy prUJ) > f20 GeV. To avoid double counting, any individ¬ 
ual jet may only be part of one selected dijet pairing. This condition is fulfilled by considering dijefs 
formed by selecfing pairs of individual jefs from a lisf ordered from fhe highesf px value fo fhe lowesf 
and removing from furlher searching bofh jefs of any pair fhaf satisfies fhe requiremenfs. The number of 
hadronically decaying intermediate vecfor boson (W/Z) candidafes passing fhese requiremenfs in a given 
evenf is denofed hereaffer by Ny and is subsequenfly used in fhe analysis. 

The measuremenf of [77] is based on fhe energy deposifs in fhe calorimeter wifh \t]\ < 4.9. The 
energy deposifs associafed wifh reconsfrucfed objecfs (jefs, photons, and elecfrons) are calibrafed accord¬ 
ingly. Energy deposifs nof associafed wifh a reconsfrucfed objecf are calibrafed according fo fheir energy 
sharing befween fhe elecfromagnefic and hadronic calorimeters. The energy associafed wifh reconsfrucfed 
muons, esfimafed using fhe momenfum measuremenf of ifs reconsfrucfed frack, is faken info accounf in 
fhe calculation of E™®®. 


5 Event Preselection 

The analysis searches for BB pair producfion, wifh fhe VLQ B subsequenfly decaying via fhe modes B 
WtIZbIHb. The even! preselecfion requires exacfly one isolafed charged lepton (elecfron or muon) wifh 
high Px and also a high value of E™®®. The selecfed elecfron or muon is required fo have px > 25 GeV 
and fo pass fhe isolation and ofher requiremenfs described in Sec. 4. The preselected dafa are divided info 
mufually exclusive elecfron and muon channels, according fo fhe nafure of fhe identified charged lepfon. 
As exacfly one charged lepton candidate is required in each even!. Ibis analysis shares no evenfs wifh 
analyses of dilepfon final slates [29]. 
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Additional requirements are applied to reduce the background contribution from multijet events with a 
jet faking the leptonic signature. Events must satisfy E™®* > 20 GeV. In addition, a requirement is made 
that + Mt > 60 GeV, with Mj being the transverse mass of the leptonic W candidate, defined by 

Mt - yj2pTE^'^\l-cosA4>), (1) 

where pj is the transverse momentum of the lepton, and A0 is the azimuthal angle between the lepton 
and the direction of the missing transverse momentum vector. 

Signal BB events in the lepton-plus-jets final state should include a large number of high-pj jets. At least 
four jets, each with px > 25 GeV and satisfying all the jet criteria outlined previously, must be present. 

The high jet multiplicities involved, and resulting combinatorial background, complicate the task of re¬ 
constructing the B mass. Instead, the variable Hj, defined as the scalar sum of and of the px values 
of the lepton and of all selected jets, provides an effective measure of the mass scale of the event. Given 
the large B mass values probed, the event preselection requires Hj > 300 GeV. 


6 Analysis Strategy 


Signal events tend to have high values of jet multiplicity, with at least two b jets and higher values 
of Ny than background events. In addition, due to the large B mass values probed, B signal events 
are characterized by having higher energy jets than typical background events. Two different analysis 
approaches are explored. The final results are derived using a multivariate analysis technique, based on 
boosted decision trees (BDTs) [78, 79, 80], that combines information from a number of input variables 
into a single discriminant. A cuts-based approach, where requirements are imposed on individual final- 
state variables, is used as a cross-check. 


6.1 Definition of signal and control regions 

The preselected data sample is divided into a set of mutually exclusive subsamples: the signal region (SR) 
is used to perform the final search, while five control regions (CRs) are used to validate the background 
determination. As shown in Table 1, the variables used to define the various regions are the total jet 
multiplicity (Njets), the number of hadronic W/Z candidates (Vy), the number of f7-tagged jets (Nbjets), 
and the value of Hj in the event. The control region definitions ensure negligible signal contamination 
of the control region samples. For example, the predicted contributions from a benchmark signal with a 
VLQ B mass of 700 GeV are below 0.2% in all control regions. 

The SR is defined as those events with at least six jets, at least one of which is tagged as a jet, and with 
at least one hadronic W/Z candidate. Signal-region events must also have a high Hj value: for the cuts- 
based analysis, Hj must exceed 800 GeV, while the BDT analysis requires Hj > 500 GeV. The analysis 
using the BDT discriminant uses a lower Hj threshold since it has greater discriminating power between 
the signal and background. For both analysis methods, the expected signal contributions are rather small 
compared to the overall SR sample sizes. As described in Secs. 6.2 and 6.3, additional information is 
used to provide further separation between signal and background. 
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Table 1: Definitions of the SRs used in the cuts-based and BDT analyses, in terms of jet multiplicity (Njets), the 
number of hadronic WjZ candidates (Aty), the number of h-tagged jets {Nhjets), and the Hi requirement. The 
definitions of the various CRs used to validate the background determination are also included. Control regions 
WCRl and WCR2 are dominated by VT+jets events, while TCRl, TCR2, and TCR3 are dominated by tt events. 
A dash in the Ay column means that no requirement is applied on that variable. A dash in the Hi column means 
that no additional Hi selection is made, apart from the Hi > 300 GeV requirement applied as part of the event 
preselection. 


Data Region 

Njets 

Vv 

jets 

Hi (GeV) 

SR (cuts-based) 

> 6 

> 1 

> 1 

> 800 

SR (BDT) 

> 6 

> 1 

> 1 

>500 

WCRl 

= 4,5 

- 

= 0 

- 

TCRl 

= 4,5 

- 

> 1 

- 

WCR2 

> 6 

- 

= 0 

- 

TCR2 

> 6 

- 

> 1 

<500 

TCR3 

> 6 

-0 

> 1 

- 


The signal selection efficiency in the SR is roughly constant as a function of the mass of the heavy particle 
being pair produced, decreasing only slightly for higher mass values. Given the selection requirement of 
exactly one isolated lepton, the efficiency is sensitive to the value of the branching ratio of the heavy 
quark for the decay to Wt. For the case of a 100% branching ratio, as is true for the 75/3 and for the VLQ 
B in the chiral limit, the efficiency is highest, with values in the range of 16%-19%. For branching ratio 
values expected for the cases where the VLQ B is an 517(2) singlet or part of an SU{2) doublet [21, 23], 
the efficiencies are lower; the efficiency for an S U(2) singlet VLQ B is approximately 8 %, while that for 
the S U(2) doublet case, for which the branching ratio for the decay to Wt is zero, is less than 2%. 

Three control regions, denoted TCRl through TCR3, are used to validate the modeling and estimation of 
the tt background, which dominates in these control regions as well as in the SR. Two additional control 
regions, denoted WCRl and WCR2, are defined to select samples that are dominated by the W+jets 
background, and are used to validate the prediction of this background source. WCRl and TCRl each 
require either four or five jets and therefore have lower jet multiplicity than in SR events; these control 
regions differ from each other in that TCRl requires at least one l 7 -tagged jet, whereas WCRl requires 
that none of the jets is b tagged. Background events with higher jet multiplicity are selected in WCR2 
and TCR2, which each require at least six jets, as in the SR. Again, these control regions differ from 
each other in that TCR2 requires at least one (^-tagged jet, whereas WCR2 requires that none of the jets 
is b tagged. To preserve the orthogonality of TCR2 and the SR, TCR2 has the additional requirement of 
Hi < 500 GeV. No requirement on the number of hadronic W/Z candidates is made on the four control 
regions TCRl, TCR2, WCRl and WCR2. 

The final background control region is TCR3. As with TCR2, TCR3 requires at least six jets, at least one 
of which is b tagged. However, instead of requiring Hi < 500 GeV, TCR3 maintains orthogonality with 
the SR by requiring zero hadronic W/Z candidates. Since Hi is found to be an important discriminating 
variable in the BDT, the relatively low range of Hi values selected in TCR2 eliminates background events 
that would populate the signal-like region of high BDT values, thereby limiting the ability to validate the 
performance of the BDT on background events. The TCR3 definition selects background events that are 
kinematically more similar to signal events, and thereby allows a more sensitive validation of the BDT, 
while still ensuring negligible signal contamination of the TCR3 sample. 








As expected, the tl background dominates in the SR, as well as in the three tl control regions, namely 
TCRl through TCR3, used to validate the modeling of the tt background, contributing 80% or more of 
the total background in these samples. The fk+jets background contributes typically 10% or less of the 
total background in those regions. It dominates the backgrounds in WCRl and WCR2, contributing 70% 
and 55% to the total background, respectively. The other backgrounds are in all cases small, and their 
sum contributes typically about 10% or less of the total background in any of the regions. 


6.2 Multivariate discriminant analysis 

Decision trees [78] recursively partition a data sample into multiple regions where signal or background 
purities are enhanced. Boosting is a method that improves the performance and stability of decision trees 
and involves the combination of many trees into a single final discriminant [79, 80]. After boosting, the 
final score undergoes a transformation to map the scores on the interval -1 to +1, with the most signal-like 
(background-like) events having BDT scores near -i-l (-1). 

The BDT implementation uses the TMVA tool in ROOT [81]. Initial studies considered a long list of 
w 50 possible input variables. The list was reduced by choosing variables with a high BDT ranking, 
which measures their ability to separate signal from background, and removing variables that have a 
high degree of correlation with a higher-ranked variable. The final BDT uses the following twelve input 
variables, ordered from highest to lowest according to their rankings in the BDT training: 

• Hj, defined previously; 

• AR{£,bjetl), fhe angular separation between the lepton and the leading f^-tagged jet; 

• Mj, the transverse mass of the leptonically decaying W boson candidate; 

• PT:{W\ep), the pt value of the leptonically decaying W boson candidate; 

• Min[AR(7’, fkharf)], the minimum angular separation between the lepton and a hadronic fk/Z candi¬ 
date; 

• Ehjeti, the energy of the leading pj f^-tagged jet; 

• Average AR{j, j) for the jets of dijet hadronic Vk/Z candidates; 

• N\, the number of hadronic W/Z candidates; 

• the total jet multiplicity; 

• Nbjets, the number of f7-tagged jets; 

• Pt{^)^ the pt value of the lepton; and 

• the magnitude of the missing transverse momentum. 

The signal sample used for training the BDT is made by combining large samples of simulated chiral 
decays at four different masses (600, 700, 800, and 900 GeV). The background samples used in the BDT 
training include tt and Ik-f-jets; these two background processes together account for over 90% of the total 
background contribution in the signal region. Both the signal and background samples were divided into 
separate training and test samples to verify that there was no over-training of the BDT. 
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Figure 1 shows unit-area-normalized distributions of the twelve BDT variables, again ordered by their 
BDT rankings, in the signal region for two VLQ B signal masses (700 and 800 GeV), which are in 
the vicinity of the expected sensitivity of the analysis, and also for the combined background contribu¬ 
tions. Figure 1 shows that each variable has some discriminating power between background and signal. 
The BDT technique combines these individual discriminants to produce an improved separation between 
background and signal. 









Figure 1: Unit-normalized distributions of the twelve variables used in the BDT discriminant. The background 
contribution (tt combined with IT-i-jets) is shown with a dark blue solid line, while signal distributions are shown 
for 700 and 800 GeV VLQ B with BR(B —> Wt) - 100% with red dashed and light blue dotted lines, respectively. 
The following selection requirements, which define the signal region for the BDT analysis, are applied; N^gts ^ 6, 
Nhjets > 1, A^v ^ 1, and Hj >500 GeV. 
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6.3 Cuts-based analysis 


As a cross-check of the BDT analysis results, a cuts-based approach is used. As shown in Table 1, the 
signal region for the cuts-based analysis is almost identical to that of the BDT analysis: in addition to the 
preselection procedure described in Sec. 5, the requirements that N]ets ^ 6, N\ > 1, and N^jets > 1 are 
applied. As mentioned earlier, given the lower sensitivity of the cuts-based approach, a more restrictive 
requirement is made on Hi, namely Hi > 800 GeV, for the cuts-based signal region definition. Given 
the sizable background, particularly from tt events, that passes these requirements, simply comparing the 
total number of events in the signal region with the number expected from background processes would 
not be very sensitive. Instead, the cuts-based analysis exploits the fact that signal events tend to have 
higher values of Hi and N\ than do background events, as shown in Fig. I. The cuts-based SR data are 
divided into two exclusive subcategories, one with Ay - I and the second with N\ > 2. The Hi spectra 
in the two subcategories are then used to search for a signal excess over the predicted background. 


7 Background determination 


In this section, the background models used for both the BDT and cuts-based analyses are described. 


7.1 Multijet background 

The normalization and shape of the multijet background contribution, with a jet being misidentified as 
a lepton, are determined directly from data using the so-called matrix method [82]. This method makes 
use of samples of events that are kinematically similar to the signal but enriched in multijet events: these 
samples are obtained by relaxing lepton identification criteria such as isolation requirements. The yields 
and kinematic distributions of the multijet background contribution in the signal region or a given control 
region can then be derived by applying the efficiency and false-identification rate of the relaxed selection. 
The efficiency is estimated from MC samples of prompt lepton sources, and validated against data. The 
false-identification rate is estimated using data in a multijet-enriched control sample selected by requiring 
low and Mi values. 

Multijet events contribute only a small component of the total background in this analysis. Different 
methods were compared for obtaining the multijet background rate. No significant differences were 
found, and a conservative ±50% uncerfainfy on fhe normalization is used [83]. 

7.2 W+jets background 

The shape of fhe expecfed VT±jefs background confribufion is obfained using MC samples. The overall 
yield of IT±jels evenfs is verified by exploifing fhe lepfon charge asymmefry measured in dafa [84, 85]. 
The mefhod uses fhe facf fhaf fhe producfion of W bosons af fhe LHC is charge asymmefric, and fhe 
fheorefical predicfion of fhe rafio of fhe numbers of evenfs wifh differenf lepfon charges has an uncerfainfy 
of only a few percenf. Charge-symmefric confribufions from tt, Z±jefs and mulfijef processes cancel in 
fhe rafio. Slighfly charge-asymmefric confribufions from fhe remaining backgrounds such as single fop 
are esfimafed using MC simulafion. The procedure is performed wifhouf any f7-fagging requiremenf and 
for differenf lepfon flavors and jef mulfiplicifies. The resulting yield is consisfenf wifh fhe MC calculation 
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within systematic uncertainties, and therefore the unsealed MC predictions are used for the total IV+jets 
yield. 

To correct for mismodeling of the W boson kinematics in the simulation, the W boson pj distribution is 
reweighted in accord with the difference between expected and observed Z pj spectra [86]. 

The modeling of the VT+jets background is validated using data in control regions WCRl and WCR2, in 
which both the signal and ti contributions are suppressed by the Nbjets - 0 requirement. 


7.3 tt background 

The tf background shape is studied using Powheg-box samples and cross-checked using samples generated 
with Alpgen (version 2.14) with up to five additional partons. The simulated tt events are reweighted in 
order to correct for the observation that there are more events with high t or ti pj in MC simulation 
than in data [87]. The uncertainty in the reweighting is included in the overall systematic uncertainty, 
with more details available in Ref. [87]. The tt background normalization in the plots and tables is taken 
from the NNLO-i-NLL prediction as mentioned in Sec. 3. For the final results, however, the background 
normalization is determined from data (see Sec. 9.2). 

The modeling of the tf background is validated using data in control regions TCRl, TCR2 and TCR3. In 
each control region, the ti reweighting in terms of the t and ti pj spectra improves the agreement in other 
kinematic variables, especially Hj. 

7.4 Other backgrounds 

Other background sources, including electroweak single top production, Z-i-jets events, ti production in 
association with a VT or Z boson (denoted ti + V), and diboson (WW, fTZ, ZZ) production, are modeled 
using MC simulation. These backgrounds are small, with their sum contributing less than 10% of the 
total background in the signal region as well as in most of the control regions. 


7.5 Validation of background modeling 

The various background-dominated control regions (WCRl, WCR2, TCRl, TCR2, and TCR3, as defined 
in Table 1) are used to validate the background prediction. 

The data distributions for each of the twelve variables used in the BDT analysis are well described by the 
background expectation in each of the five control regions, demonstrating that the variables chosen are 
well modeled in the MC simulation. For example. Fig. 2 shows the distributions for nine of the twelve 
BDT input variables for the data in control region TCR3, which is the most signal-like control region. 
The other three BDT input variables are all identically zero for this control region, given the requirement 
in the definition of TCR3 that Ny = 0. These three variables are instead shown separately in Fig. 3 for 
control region TCR2. 

In both Figs. 2 and 3, the predicted distributions for the background expectation are shown superimposed 
on the data. The panel beneath each distribution shows the bin-by-bin ratio of the data to the background 
expectation. Within the total uncertainties on the background prediction (shown as the shaded bands), the 
data are in good agreement with the total expected background. 
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Figure 2: Distributions of nine of the twelve BDT input variables for data and for the background expectation, for 
control region TCR3. The lower panels show the bin-by-bin ratio of the data to the total background expectation. 
The data are shown with statistical error bars. The shaded bands show the total uncertainties on the background 
expectation, including both the statistical and systematic uncertainties. 
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Figure 3; Distributions of three of the twelve BDT input variables for data and for the background expectation, 
for control region TCR2. For the two rightmost plots, events with zero reconstructed hadronically decaying W/Z 
boson candidates are included in the hrst bin, at zero. The lower panels show the bin-by-bin ratio of the data to 
the total background expectation. The data are shown with statistical error bars. The shaded bands show the total 
uncertainties on the background expectation, including both the statistical and systematic uncertainties. 
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Figure 4 shows the distributions of the BDT discriminant observed in data in each of the five background- 
dominated control regions. Superimposed are the distributions expected for background. Good agreement 
is observed between the data distribution and the background expectation in all five control regions, sup¬ 
porting the validity of the background modeling. Additional checks reveal that the pairwise correlations 
between the BDT input variables, and also the BDT output, all show reasonable agreement between data 
and the background predictions. 


8 Systematic Uncertainties 


Tables 2, 3, and 4 list the sources of systematic uncertainty considered in this analysis. The different 
effects change both the size and shape of the signal and background contributions to the discriminant 
distribution; the tables show the overall effect on the expected numbers in the BDT SR. 

Table 2 lists those uncertainties that affect all the samples. The uncertainty on the integrated luminosity, 
to which all non-data-driven samples are normalized, is 2.8% [88]. The jet energy resolution is measured 
by studying dijet events in data and simulation. The simulation is found to agree with data to better than 
10% [89]; the difference in resolufions befween dafa and simulafion is used fo furfher smear fhe simula- 
fion. The effecf of fhis addifional smearing is faken as a sysfemafic uncerfainfy. The largesf uncerfainfy 
arises from fhe jef energy scale (JES), which is varied in simulafion by amounfs derived from fesf beam 
and Z/y-i-jel collision dafa along wifh simulation [72, 73]. The jet reconstruction efficiency is esfimafed 
using frack-based jefs, and is well described by dafa, wifh fhe effecl of small (approximafely 0.2%) differ¬ 
ences for jefs below 30 GeV assessed by discarding randomly selecfed jefs in simulafed evenfs. The effecl 
of fhe JVF requiremenl is evalualed in dafa using evenfs wifh a Z boson produced in associalion wifh a 
single jef. The lepfon idenfificafion uncerfainfies include fhose on fhe elecfron energy and muon mo- 
menlum scale and resolufion and frigger efficiencies, evaluafed in dafa using lepfonic decays of W and Z 
bosons [70, 69, 68]. The sysfemafic uncerfainfies on fhe E™'*® reconslrucfion include fhe uncerfainfies on 
fhe consliluenl objecfs, as well as an addifional uncertainly on fhe uncluslered energy originaling mainly 
from fhe pileup modeling. Finally, fhe lagging efficiency of jefs, as well as of c jefs and lighf-flavor jefs, 
is derived from dafa and paramelrized as a function of jef pj and rj [90, 91]. The corresponding efficien¬ 
cies in simulation are correcled fo malch fhose observed in dafa, and fhe uncerfainfies in fhe calibration 
are propagaled Ihrough Ibis analysis. 


Table 2; Relative uncertainty (%) on the expected number of events due to uncertainties in luminosity determination 
and physics object reconsUuction in the BDT signal region defined in Table 1. The signal column is for a VLQ B 
mass of 700 GeV and for BR(B —> Wt) — 1. The rightmost column indicates the con'esponding uncertainty on the 
total background in each row, taking into account the different background fractions. 


Source of uncertainty 

Signal 

tt 

IT+jets 

Single top 

Z+jets 

tt+V 

Diboson 

Total background 

Integrated luminosity 

+2.8 

+2.8 

+2.8 

+2.8 

+2.8 

+2.8 

+2.8 

+2.8 

Jet energy resolution 

+ 1.0 

+3.0 

+6.0 

+2.0 

+9.0 

+ 1.0 

+ 14.0 

+3.3 

JES 

+ 2.4 

+ 15.5 

+ 18.4 

+ 18.6 

+ 17.9 

+ 8.8 

+ 17.6 

+ 15.6 

- 3.1 

- 13.5 

- 15.0 

- 16.4 

- 19.2 

- 8.7 

- 10.3 

- 13.5 

JVF 

+ 1.0 

+4.0 

+6.0 

+6.0 

+4.0 

+2.0 

+5.0 

+4.2 

Lepton identification 

+ 1.2 
- 1.3 

+ 1.3 

+ 1.3 
- 1.9 

+ 1.1 
- 2.0 

+ 4.1 

- 8.5 

+ 1.3 
- 1.4 

+ 2.0 

- 2.1 

+ 1.2 
- 1.5 

irmiss 

+ 1.0 

+2.0 

+2.0 

+ 1.0 

+8.0 

+0.1 

+7.0 

+2.0 

fj-tagging efficiency 

+ 6.3 

- 6.1 

+4.5 

+ 1.6 

+ 5.0 

- 4.9 

+ 4.3 

- 10.3 

+ 4.9 

- 4.8 

+ 1.2 

+ 4.1 

- 4.3 
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Figure 4: Distributions of the BDT discriminant for data and for the background expectation, for the various control 
regions: WCRl (top left), WCR2 (top right), TCRl (middle left), TCR2 (middle right), and TCR3 (bottom). The 
lower panels show the bin-by-bin ratio of the data to the total background expectation. The data are shown with 
statistical error bars. The shaded bands show the total uncertainties on the background expectation, including both 
the statistical and systematic uncertainties. 
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Table 3; Further relative systematic uncertainties (%) due to tt modeling. Included are the relative uncertainties on 
the yields for tt background events, as well as the corresponding uncertainties on the total background prediction. 


Source of 

Uncertainty on 

Uncertainty on 

uncertainty 

tt yield (%) 

total background (%) 

px reweighting 

±14 

±12 

PDF acceptance 

±13 

±11 

Parton shower model 

±6.4 

±5.4 


Table 3 summarizes systematic uncertainties related to reweighting the Powheg-box tt simulation for 
better agreement with data. As noted in Sec. 7.3, the reweighting improves agreement in the control 
regions TCR1-TCR3, especially in the //t variable. The largest uncertainties in the measurement of top 
quark and tt pj are taken as independent contributions to the systematic uncertainty. Of these, the largest 
contribution arises from the modeling of initial- and final-state radiation. The uncertainty due to PDF 
choice on the acceptance is estimated by comparing tt events generated with the HERAPDF 1.5 NLO 
PDF set [92] with those using the nominal CTIO PDFs. The uncertainty due to the choice of the parton 
shower model is estimated by replacing Pythia with Herwig [93] (version 6.520) in the tt simulation. For 
both uncertainties, the comparison samples are corrected to match top quark px and tt px distributions in 
data, as done with the nominal simulation. In addition, the Powheg-box-i-Pythia sample is compared with 
a px-reweighted Alpgen (version 2.14) sample, with Herwig parton showering, to check its behavior at 
high jet multiplicity, and is found to be consistent within statistical uncertainties. 

Further relative uncertainties on the expected numbers of background events are summarized in Table 4. 
The inclusive tt production cross-section uncertainty at NNLO-i-NNLL is taken to be +5%l-6%. A 4% 
overall theoretical uncertainty (5% for diboson) is assigned to the production rates of VF-tJets, Z-i-jets, 
single top, and diboson backgrounds, with an additional 24% per jet (estimated from variations in the 
predicted cross-section ratio of IF -i- n-jets ioW + {n - l)-jets production [94, 95]) added in quadrature. 
An additional uncertainty is included for the shape of the IF-i-jets background contribution, based on 
variations of the matching scale and the functional form of the factorization scale in Alpgen. A conser¬ 
vative uncertainty of 30% is assigned to the tt + V rate, based upon the NLO results of Ref. [58]. As 
mentioned previously, a 50% systematic uncertainty is assigned to the normalization of the small multijet 
background contribution. 


Table 4; Relative yield uncertainties (%) due to normalization. 


Source of 
uncertainty 

Uncertainty on 
background process (%) 

Uncertainty on 
total background (%) 

tt rate 

+5.U 

-6.0 

+4.2 

-5.0 

VF±jets rate 

±59 

±4.6 

VF±jets shape 

±5.7 

±0.4 

Z±jets rate 

±59 

±0.8 

Single-top rate 

±48 

±2.2 

tt + V rate 

±30 

±0.3 

Diboson rate 

±48 

±0.3 

Multijet rate 

±50 

±0.7 
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9 Results 


With the background model determined, and validated using the various background-dominated control 
regions, the data in the BDT and cuts-based signal regions are examined and compared with the expected 
background contributions in order to search for any evidence of a signal-like excess. 


9.1 Signal-region distributions 

Table 5 lists the predicted event yields for the BDT signal region, including both the statistical and system¬ 
atic uncertainties, for the various background contributions, as well as the total background expectation. 
The number of events observed in data in the BDT signal region is 12235, which is in good agreement 
with the total expected background of 12900 ± 100 ± 3100 events. The first row of Table 5 shows the 
expected signal yield of 164 ± 2 ± 13 events, for the specific case of a VLQ B with a mass of 700 GeV and 
a 100% branching ratio to Wt. The signal-to-background ratio is only about 1.3% in this case, supporting 
the usage of the BDT to obtain additional discrimination power. 


Table 5; Expected signal and background yields for the BDT signal region with N-^ets ^ 6, N^jets ^ T and //t > 
500 GeV, with associated statistical and systematic uncertainties. The signal row is for a VLQ B mass of 700 GeV, 
with a 100% branching ratio to Wt. The last row provides the numbers of events observed in data. 


Physics process 

Event yield 
[±(stat)±(syst)] 

700 GeV VLQ B; BR(B ^ Wt) - 1 

164 ± 2 ± 13 


tt 

10800 ± 100 ± 2800 

VT-i-jets 

1020 ± 30 ± 630 

Single top 

490 ± 20 ± 300 

Z-f-jets 

180 ± 30 ± 120 

tt + V 

147 ± 1 ± 47 

Diboson 

66 ± 5 ± 42 

Multijets 

183 + 9 + 92 


Total background 

12900 ± 100 ±3100 

Observed in data 

12235 


Figure 5 shows the distributions of several of the BDT input variables for data in the signal region of the 
BDT analysis, with N]ets ^ 6, N^jets ^ k fVv ^ k and T/t > 500 GeV. Within the total uncertainties on 
the background prediction, shown in the figures as the shaded bands, the data are in good agreement with 
the total expected background. 

The final result of the BDT analysis exploits the increased sensitivity obtained by combining the twelve 
input variables into the final BDT discriminant. Figure 6 shows the distribution of the BDT discriminant 
for data in the signal region of the BDT analysis. The data are in good agreement, within the uncertainties, 
with the total expected background contribution. Given the lack of evidence for a signal-like excess, the 
BDT distribution is used to set upper limits on VLQ production, as described in Sec. 9.3. Figure 6(a) 
shows the entire range of the BDT discriminant with uniform binning. Figure 6(b) shows the same 
data in the nonuniform binning optimized for the determination of the final exclusion limits, with the 
background-dominated region of BDT values from -1 to -1-0.95 combined in a single bin. 


17 











500 1000 1500 2000 2500 3000 0 1 2 3 4 5 6 

HJGeV] AR(l,bjet1) 



Figure 5; Distribution of four BDT input variables for data in the BDT signal region, with N^ets ^ 6, Nbjets S 1, 
Nyj > 1, and Hj > 500 GeV. Superimposed is the expectation for the total background. The variables shown 
in the upper row are the two variables with the highest sensitivity in the BDT training, namely Hj (left), and 
A/?(^, by'efl), the angular separation between the lepton and the leading h-tagged jet (right). The lower row shows 
two of the multiplicity-related variables, namely the number of jets (left) and the number of hadronic W/Z candidates 
(right). Also shown are the expected signal contributions for VLQ B masses of 600 and 700 GeV, assuming 
BR(Z? —> Wt) = 1. The data are shown with statistical error bars, and the shaded band shows the total uncertainty on 
the background expectation. The lower panels show the bin-by-bin ratio of the data to the background expectation. 
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Figure 6; Distribution of the BDT discriminant for data in the signal region of the BDT analysis, with Njets ^ 6, 
Nhjets > 1, A^v > 1, and //t > 500 GeV. Superimposed is the expectation for the total background, as well as signal 
contributions that would be expected for VLQ B masses of 600 and 700 GeV, in both cases for a branching ratio of 
unity for the decay B Wt. The data are shown with statistical error bars, and the shaded band shows the total 
uncertainty on the background expectation. Uniform binning is used in the left plot, and the right one shows the 
same data in the non-uniform binning used to determine the hnal exclusion limits, with the background-dominated 
region of BDT values from -1 to 4-0.95 combined in a single bin. The lower panels show the bin-by-bin ratio of 
the data to the background expectation. 


The cuts-based analysis is used to cross-check the BDT results. Figure 7 shows the Hj distributions 
for events in the signal region for the cuts-based analysis, with Njets ^ 6, Nbjets > 1, A^v ^ 1, and 
Hj > 800 GeV. The data after the cuts-based signal selection are divided into two exclusive subsamples 
in order to improve the sensitivity of the analysis by exploiting the different signal-to-background ratios in 
the two subsamples. Figure 7(a) shows the Hj distribution for the subsample of events with Ny = 1, while 
Fig. 7(b) shows the data for events with Ny > 2. For both subsamples, the data are in good agreement 
with the background expectation, and there is no evidence for any excess. These two Hj distributions are 
used to set upper limits on VLQ production using the cuts-based analysis, as described below. 


9.2 Statistical procedure 

A binned likelihood test is performed, assuming Poisson statistics for the distributions of the final discrim¬ 
inating variables, to assess the compatibility of the observed data with the background-only and signal- 
plus-background hypotheses. The test employs a log-likelihood ratio function, /?ll = -21og(Ls+;,/Lb), 
where L^^+h (Lb) is the likelihood to observe the data under the signal-plus-background (background-only) 
hypothesis. Pseudoexperiments assuming Poisson statistics are generated for the two hypotheses, using 
the predicted signal and background distributions and including the impact of each systematic uncertainty. 
The latter are evaluated for their impact on both the normalization and the shape of the final discriminat¬ 
ing variable distributions, and are varied during the generation of the pseudoexperiments assuming a 
Gaussian distribution as the prior probability distribution function. 

To reduce the impact of the acceptance effects of the tt modeling uncertainties, the likelihood is parametrized 
as a function of an overall tt normalization factor. The likelihood is then minimized with respect to this 
normalization factor. The likelihood minimization thus constrains the absolute number of tt events. This 
constraint comes from the low region of the BDT, which is dominated by tt events. The uncertainties on 
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Figure 7; Hj distributions for events in the signal region for the cuts-based analysis, with N-^^ets ^ 6, Nbjets ^ 1, 
N\ > 1, and Hj > 800 GeV. The figure shows events with (left) Ny - 1 and (right) Ny > 2. Superimposed is the 
expectation for the total background, as well as signal contributions that would be expected for VLQ B masses of 
600 and 700 GeV, in both cases for a branching ratio of unity for the decay B —> Wt. The data are shown with 
statistical error bars, and the shaded band shows the total uncertainty on the background expectation. The lower 
panels show the bin-by-bin ratio of the data to the background expectation. 


the shape of the tt distribution, and therefore on the extrapolation of the number of tt events in the low 
BDT region to the region populated by signal, are not eonstrained with this method. 

The final discriminating variable for the BDT analysis is the distribution of the BDT discriminant, using 
the binning in Fig. 6(b). For the cuts-based analysis, the two //j distributions of Fig. 7 are used in a 
combined fit as the final discriminating variables. 

The data are found to be consistent with the background-only hypotheses for both analysis methods, and 
limits are subsequently derived according to the CLs prescription [96, 97] using the above likelihood- 
based test statistic. Upper limits at the 95% CL are set on the pair production cross sections of both the 
VLQ B and Ts/a scenarios. 


9.3 Limits on VLQ B production 

The values of the branching ratios for the various VLQ B decay modes are model dependent. For the 
case of a 5 (7(2) singlet VLQ B, Fig. 8 shows the observed and expected 95% CL limits on the pair- 
production cross section vs VLQ B mass, as obtained with the BDT analysis. Also shown are the ±lcr 
and ±2cr uncertainty bands for the expected limit. The observed limit curve is slightly lower than the 
expected limit curve due to the small deficit of observed events in Fig. 6(b), compared to the background 
expectation, in the signal-enriched bins of the BDT discriminant near a value of 1.0. Figure 8 shows that 
the deficit is about -Icr, and therefore is not significant. The uncertainty on the theoretical cross section 
of the signal, from varying the renormalization and factorization scales, as well as the PDF set and the 
value of 01 s, is indicated by the width of the theory band in the figure. Compared with the theoretical 
prediction of the cross section, the results correspond to an observed (expected) 95% CL lower limit on 
the S (7(2) singlet VLQ B mass of 640 GeV (505 GeV). 

In addition to lower limits on the VLQ B mass for this benchmark S (7(2) singlet scenario, limits are also 
derived for all sets of VLQ B branching ratios consistent with the three decay modes {B WtIZbIHb) 


20 































Q. 

10^ 

, 

ATLAS 

' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' '= 

- Observed 95% CL limit - 

m 

CD 



is = 8 TeV, 20.3 fb ' 

. Expected 95% CL limit 

T 

Q. 

10 


SU(2) singlet 

Expected ±1 a E 


Theory (NNLO+NNLL) 



“350 400 450 500 550 600 650 700 750 800 850 

me [GeV] 


Figure 8: Predicted pair production cross section as a function of the VLQ B mass and 95% CL observed and 
expected upper limits for an SU{2) singlet VLQ B, as obtained with the BDT analysis. The uncertainty on the 
theoretical cross section is indicated by the width of the theory band. 


summing to unity. Figure 9 shows, for a variety of VLQ B mass values, the observed and expected 95% 
CL exclusions of the BDT analysis. The results are shown in terms of the decay branching ratios, with 
BR(B —> Hb) plotted on the vertical axis and BR(B ^ Wt) on the horizontal axis. Superimposed on 
Fig. 9 are two particular benchmark models, the case discussed above where the VLQ B is an SU{2) 
singlet (shown as a filled circle) and the case where it is part of a {B, Y) S U{2) doublet (shown as a star). 
The analysis is not sensitive to the SU{2) doublet case, which predicts BR(R —> Wt) = 0, while the 
results for the S U{2) singlet case were shown in Fig. 8 . 

An alternative representation of the same results is shown in Fig. 10, which displays the observed and 
expected 95% CL lower limits on the VLQ B mass in the same plane of branching ratio values. The 
analysis is most sensitive in the bottom right corner of the plane of branching ratios, where BR(R ^ 
Wt) = 1. In that case, the observed and expected 95% CL lower limits on the VLQ B mass are 810 and 
760 GeV, respectively. 

The limits extracted using the cuts-based analysis are qualitatively similar to those of the BDT analysis, 
but less restrictive due to the lower sensitivity of the cuts-based approach. For example, for a VLQ B mass 
of 600 GeV, the cuts-based analysis is expected to be sensitive down to a value of BR(R ^ Wt) ~ 0.8, 
while the improved sensitivity of the BDT analysis extends this coverage down to w 0.55. A similar 
pattern is seen for the observed limits, which are slightly more restrictive for both analyses than the 
corresponding expected limits. 


9.4 Limits on Ts/a production 

The analysis does not attempt to measure the charge of the hadronically decaying W bosons and is there¬ 
fore also sensitive to pair production of a colored, charge 5/3 exotic fermion, 75 / 3 . Assuming the decay 
into a same-sign W boson and top quark, via Ts/a —> Wt, pair production of the would be kine¬ 
matically similar to that of the VLQ B in the chiral limit where BR(B ^ Wt) - 100%. Therefore, the 
BDT analysis, which was trained using chiral heavy-quark signal samples, can be simply applied to the 
investigation of pair production of the 
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Figure 9: For a variety of VLQ B mass values, the expected and observed 95% CL exclusion limits of the BDT 
analysis. The results are shown in terms of the decay branching ratios, with BR(B —> Hb) plotted on the vertical 
axis, BR(B —» Wf) on the horizontal axis, and the branching ratios of the three decay modes considered, namely 
B —» WtlHbjZb, assumed to sum to unity. Shown with a closed star (circle) are the branching ratio values for the 
particular case of an S U{2) doublet (singlet) implementation of the VLQ B model. 
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Figure 10; Expected (left) and observed (right) 95% CL lower limits on the mass of the VLQ B. The results are 
shown in terms of the decay branching ratios, with BR(B —> Hb) plotted on the vertical axis, BR(B —» Wt) on the 
horizontal axis, and the branching ratios of the three decay modes considered, namely B —> WtjHblZb, assumed 
to sum to unity. 


Figure 11 shows the results of this study, providing the observed and expected 95% CL upper limits 
on the production cross section for 75/3 pair production, as a function of 75/3 mass. Compared with the 
theoretical prediction of the cross section, the results correspond to an observed (expected) 95% CL lower 
limit on the T^j-i mass of 840 GeV (780 GeV). 



nv^JGeV] 

Figure 11: Observed and expected 95% CL upper limits, obtained with the BDT analysis, on the cross section for 
7’5/3 pair production, as a function of r 5/3 mass. The colored, charge 5/3 exotic fermion is assumed to decay into a 
same-sign W boson and top quark, via ^ Wt. The uncertainty on the theoretical cross section is indicated by 
the width of the theory band. 
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10 Conclusions 


Using the data sample of 20.3 fb“^ of 8 TeV pp collisions recorded in 2012 by the ATLAS detector 
at the LHC, a search has been performed for evidence of pair production of heavy vector-like quarks. 
The analysis explores the lepton-plus-jets final state, characterized by events with one isolated charged 
lepton (electron or muon), significant missing transverse momentum and multiple jets. One or more jets 
are required to be tagged as arising from b quarks, and that at least one pair of jets is tagged as arising 
from the hadronic decay of an electroweak boson. The analysis finds no significanf excess above fhe 
expecfafions for Sfandard Model backgrounds. Limifs are sef on VLQ B producfion, as a funcfion of 
ifs branching ratios, assuming fhe allowable decay modes are B WtlZbjHb. For a branching rafio 
of 100% for fhe decay B Wt, fhe observed (expecfed) 95% CL lower limif on fhe VLQ B mass is 
810 GeV (760 GeV). In fhe specific case where fhe VLQ B has branching ratios corresponding fo fhose 
of an S U{2) singlef sfafe, fhe observed (expecfed) 95% CL lower limif on fhe VLQ B mass is 640 GeV 
(505 GeV). The same analysis also invesfigafes pair producfion of a colored, charge 5/3 exofic fermion 
75 / 3 , wifh subsequenf decay 75/3 —> Wt, and sefs an observed (expected) 95% CL lower limif on fhe 75/3 
mass of 840 GeV (780 GeV). 
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A. Di Ciaceio^^"^^’^^^*’, E. Di Ciaeeio^, A. Di Domenico^^^®’^^^’’, C. Di Donato^°‘^‘‘’^°^’’, A. Di Girolamo^*^, 

B. Di Girolamo^'^, A. Di Mattia^^^, B. Di Miceo^^^^’^^^’’, R. Di Nardo^^, A. Di Simone^^, R. Di Sipio^^^, 

D. Di Valentino^^, C. Diaeonu^^, M. Diamond^^^, EA. Dias"^^, M.A. Diaz^^^, E.B. Diehl^^, J. Dietrich^^, 

S. Diglio*^, A. Dimitrievska^^, J. Dingfelder^^, E. Dittus^*^, E Djama^^, T. Djobava^^'’, J.I. Djuvsland^^®, 
M.A.B. do Vale^^‘^, D. Dobos^°, M. Dobre^^^*, C. Doglioni^^, T. Dohmae^^^, J. Dolejsi*^^, Z. Dolezal^^^, 
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T. lizawa^^^, Y. Ikegami®^, K. Ikematsu^^^, M. Ikeno^^, Y. Ilchenko^^’^, D. Iliadis^^s^ X. Ilic^^^, 
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J. Jongmanns^^®, PM. Jorge^^^^’^^^'’, K.D. Joshi^^, J. Jovieevie^^*’^, X. C.A. Jung^^, P Jussel^^, 

A. Juste Rozas^^’°, M. Kaei^^*, A. Kaezmarska^^, M. Kado^^^, H. Kagan^'^ M. Kagan^^^, S.J. Kahn^^, 
E. Kajomovitz^^, C.W. Kalderon^^*’, S. Kama^°, A. Kamenshehikov^^*’, N. Kanaya^^^, M. Kaneda^*’, 

S. Kaneti^^, V.A. Kantserov^^, J. Kanzaki^^, B. Kaplan'A. Kapliy^', D. Kar^^, K. Karakostas"*, 

A. Karamaoun^, N. Karastathis"'’"'^, M.J. Kareem^^, M. Karnevskiy^^, S.N. Karpov^^, Z.M. Karpova^^, 

K. Karthik'"', V. Kartvelishvili^^, A.N. Karyukhin'^*', E. Kashif'^^, R.D. Kass'", A. Kastanas'^, 

Y Kataoka'^^, A. Katre"*^, J. Katzy^^, K. Kawagoe’", T. Kawamoto'^^, G. Kawamura^^, S. Kazama'^^, 
V.E. Kazanin"'^’'^, M.Y Kazarinov^^, R. Keeler'™, R. Kehoe™, M. Keil^^, J.S. Keller^^, J.J. Kempster’^, 

H. Keoshkerian^^, O. Kepka'^^, B.P Kersevan’^, S. Kersten'^^, R.A. Keyes*^, E. Khalil-zada", 

H. Khandanyan'^^^*’'^™, A. Khanov"^, A.G. KharlamovT.J. Khoo^^, G. Khoriauli^', 

V. Khovanskiy^’, E. Khramov^^, J. Khubua^"’ ', H.Y Kim^, H. Kim'"'^^’'^^'’, S.H. Kim'^', Y Kim^', 

N. Kimura'^^ O.M. Kind'*^, B.T. King™, M. King'^^ R.S.B. King'™, S.B. King'^^ J. Kirk'™, 

A.E. Kiryunin"", T. Kishimoto^'', D. Kisielewska^^^*, E Kiss^^, K. Kiuehi'^', O. Kivernyk'^^, 

E. Kladiva'^^'’, M.H. Klein^^, M. Klein™, U. Klein™, K. Kleinkneeht^^, P Klimek'^^®’'^™, 

A. Klimentov™, R. Klingenberg^^, J.A. Klinger*^, T. Klioutehnikova^", PE Klok'"^, E.-E. Kluge^^^^, 

P Kluit'"^, S. Kluth"", E. Kneringer^^, E.B.EG. Knoops^^, A. Knue^^, D. Kobayashi'^*, 

T. Kobayashi'^^, M. Kobel™, M. Koeian'™, P Kodys'™, T. Koffas™, E. Koffeman'"^, E.A. Kogan'™, 

S. Kohlmann'^^, Z. Kohout'^*, T. Kohriki^^, T. Koi'™, H. Kolanoski'^, I. Koletsou^, A.A. Komar^^’*, 

Y Komori'^^, T. Kondo^^, N. Kondrashova^^, K. Kbneke"'^, A.G. Konig'"^, S. Kbnig^^, T. Kono®^’“, 

R. Konoplieh''"’", N. Konstantinidis^^, R. Kopeliansky'^^, S. Koperny^*^, E. Kbpke^^, A.K. Kopp^*, 

K. Koreyl^^, K. Kordas'^^, A. Korn^^, A.A. Korol"'^’^', I. Korolkov'^, E.V. Korolkova'™, O. Kortner"", 

S. Kortner"", T. Kosek'^^, V.V. Kostyukhin^', V.M. Kotov^^, A. Kotwal™, 

A. Kourkoumeli-Charalampidi'^^, C. Kourkoumelis^, V. Kouskoura^^, A. Koutsman'™^*, 

R. Kowalewski'™, T.Z. Kowalski^^®, W. Kozaneeki'^’, A.S. Kozhin'^", V.A. Kramarenko^^, 

G. Kramberger™, D. Krasnopevtsev^^, M.W. Krasny™, A. Krasznahorkay^", J.K. Kraus^', 

A. Kravehenko™, S. Kreiss''", M. Kretz^^'^, J. Kretzsehmar™, K. Kreutzfeldt^^, P. Krieger'^^, 

K. Krizka^', K. Kroeninger™, H. Kroha"", J. Kroll'^^, J. Kroseberg^', J. Krstie'^, U. Kruehonak^^, 

H. Kriiger^', N. Krumnaek^^, Z.V. Krumshteyn^^, A. Kruse'™, M.C. Kruse™, M. Kruskal^^, 

T. Kubota^^ H. Kueuk™, S. Kuday™, S. Kuehn™, A. Kugel^^^ E. Kuger'™, A. Kuhl'^^ T. Kuhl™, 

V. Kukhtin™, Y. Kulehitsky^^, S. Kuleshov^™, M. Kuna'^^®’'^^'’, T. Kunigo^^, A. Kupeo'™, 

H. Kurashige^^, YA. Kuroehkin^^, R. Kurumida^^, V. Kus'™, E.S. Kuwertz'™, M. Kuze'^^, J. Kvita''^, 
T. Kwan'^", D. Kyriazopoulos'™, A. Ea Rosa™, J.E. Ea Rosa Navarro™'', E. Ea Rotonda^™’^™, 

C. Eaeasta'^^, E. Eaeava'^^''"^^", J. Eaeey™, H. Eaeker'^, D. Eaeour™, V.R. Eaeuesta'^^, E. Eadygin™, 
R. Eafaye^, B. Eaforge*", T. Eagouri'^^, S. Eai™, E. Eambourne^*, S. Eammers^', C.E. Eampen^, 

W. Eampr, E. Eanfon'™, U. Eandgral"^, M.P.J. Eandon™, V.S. Eang^^'', J.C. Eange'^, A.J. Eankford'^"', 
E. Eanni™, K. Eantzseh^", S. Eaplaee^", C. Eapoire^", J.E. Eaporte'^^, T. Eari^'^', 

E. Easagni Manghi™''’™'’, M. Eassnig^", P. Eaurelli™, W. Eavrijsen'^, A.T. Eaw'^*, P. Eayeoek™, 

O. Ee Dortz™, E. Ee Guirriee^^, E. Ee Menedeu'^, M. EeBlane'™, T. EeCompte^, E. Eedroit-Guillon^^, 
C.A. Eee'™'’, S.C. Eee'^^, E. Eee', G. Eefebvre^", M. Eefebvre'^", E. Eegger'™, C. Eeggett'^, 

A. Eehan™, G. Eehmann Miotto^", X. Eei^, W.A. Eeight™, A. Eeisos'^^, A.G. Eeister'^^, 

M.A.E. Eeite™", R. Eeitner'™, D. Eelloueh'^^, B. Eemmer^^, K.J.C. Eeney^^, T. Eenz^', G. Eenzen'™, 

B. Eenzi^", R. Eeone^, S. Eeone'™'*’'™'’, C. Eeonidopoulos™, S. Beontsinis'", C. Eeroy™, C.G. Eester^^, 


33 



M. Levchenko'^^, J. Leveque^, D. Levin^^, LJ. Levinson'^^, M. Levy^^, A. Lewis^^°, A.M. Leyko^', 

M. Leyton^i, B. H. Lii49, h.L. Li^i, L. Li^^, L. S. Y. Z. Liang^^s, H. Liao^^, 

B. Liberti^^^^, A. Liblong^^^, P. Lichard^°, K. Lie^^^, J. Liebal^\ W. Liebig^^, C. Limbach^\ 

A. Limosani'^^, S.C. T.H. Lin*^, F. Linde^°^, B.E. Lindquist^^^, J.T. Linnemann^*’, 

E. Eipeles^^^, A. Eipniacka^^, M. Eisovyi^^, T.M. Eiss^^^, D. Eissauer^^, A. Eister^^^, A.M. Eitke^^^, 

B. Eiu^^^ D. Eiui52, j. Liu^^ J.B. Eiu^^b, K. Eiu*^ E. Eiu^^^ M. Eiu^^ M. Eiu^^b, y. Eiu^^^, 

M. Eivan^^^^’^^^'’, A. Eleres^^, J. Elorente Merino^^, S.E. Eloyd^^, E. Eo Sterzo^^^, E. Eobodzinska^^, 

P. Eoch^, W.S. Eockman^^^, E.K. Eoebinger^^, A.E. Eoevschall-Jensen^^, A. Eoginov^^^, T. Eohse^®, 

K. Eohwasser^^, M. Eokajicek^^’, B.A. Eong^^, J.D. Eong^^, R.E. Eong^^, K.A. Eooper'^\ E. Eopes^^^®, 

D. Eopez Mateos^^, B. Eopez Paredes^^°, L Eopez Paz^^, J. Eorenz^®*’, N. Eorenzo Martinez^^, 

M. Eosada^^^, P. Eoscutoff^^, PJ. Ebsel^°°, X. Eou^^^*, A. Eounis^^^, J. Eove^, PA. Eove^^, N. Eu^^, 

H.J. Eubatti^^^, C. A. Eucotte^^, E. Euehring^^, W. Eukas^^, E. Euminari^^^^*, 

O. Eundberg'^^®’^^^*’, B. Eund-Jensen^^*, M. Eungwitz^^, D. Eynn^^, R. Eysak'^^, E. Eytken^\ H. Ma^^, 

E. E. Ma^^‘^, G. Maccarrone^’, A. Macchiolo'*’^, C.M. Macdonald'^*’, J. Machado Miguens^^^’^^^*’, 

D. Macina^*^, D. Madaffari^^, R. Madar^^, H.J. Maddocks^^, W.E. Mader^^, A. Madsen^^’, S. Maeland^^, 
T. Maeno^^, A. Maevskiy^^, E. Magradze^^, K. Mahboubi^^, J. Mahlstedt^*^’, C. Maiani'^^, 

C. Maidantchik^"^®, A.A. Maier^®^ T. Maier^**®, A. S. Majewski^^^, Y. Makida^^, 

N. Makovec^'^, B. Malaescu^°, Pa. Malecki^^, V.P Maleev^^^, E. Malek^^, U. Mallik^^, D. Malon^, 

C. Malone^^^, S. Maltezos^**, V.M. Malyshev^*^^, S. Malyukov^*^, J. Mamuzic^^, G. Mancini^^, 

B. Mandelli^*’, E. Mandelli^^®, L Mandic^^, R. Mandrysch^^, J. Maneira^^^^’^^^’’, A. Manfredini^°\ 

E. Manhaes de Andrade Eilho^^'’, J. Manjarres Ramos^^°'’, A. Mann^*^°, PM. Manning'^^, 

A. Manousakis-Katsikakis^, B. Mansoulie^^^, R. Mantifel^’, M. Mantoani^^, E. Mapelli^°, E. March^^^^^, 
G. Marchiori^*’, M. Marcisovsky^^’, C.P Marino^™, M. Marjanovic^^, E. Marroquim^^®, S.P Marsden^^, 
Z. Marshall^^, E.E. Marti^’, S. Marti-Garcia^^^, B. Martin^*’, T.A. Martin'^^, V.J. Martin^^, 

B. Martin dit Eatour^^, M. Martinez^^’®, S. Martin-Haugh^^\ V.S. Martoiu^^^, A.C. Martyniuk’^, 

M. Marx^^^, E. Marzano^^^^*, A. Marzin^*’, E. Masetti*^, T. Mashimo*^®, R. Mashinistov^^, J. Masik^^, 
A.E. Maslennikov^®^’^^, E Massa^°^’^°’’, E. Massa^°‘*’^‘’'’, N. Massol^, P. Masttandrea'^^, 

A. Masttoberardino^’‘‘’^^'’, T. Masubuchi^^^, P. Mattig^^^, J. Mattmann^^, J. Maurer^^^, S.J. Maxfield^^, 

D. A. Maximov^^^’^, R. Mazini^^^, S.M. Mazza^^®’^^'’, E. Mazzaferro^^^^’^^^'’, G. Me Goldrick^^^, 

S.P. Me Kee^^, A. McCarn*^, R.E. McCarthy^^^, T.G. McCarthy^^, N.A. McCubbin^^^, 

K.W. McEarlane^^’*, J.A. Mcfayden^^, G. Mchedlidze^^, S.J. McMahon^^\ R.A. MePherson^^*’’^, 

M. Medinnis^^, S. Meehan^^^®, S. Mehlhase^*’'^, A. Mehta^'^, K. Meier^^^, C. Meineck^®*’, B. Meirose^^, 

B. R. Mellado Garcia^^^^^, E. Meloni^’, A. Mengarelli^*’^’^®*’, S. Menke^*^\ E. Meoni^^^, K.M. Mercurio^^, 
S. Mergelmeyer^^, P. Mermod^^, E. Merola^°"^‘‘’^°^’’, C. Meroni^^^, E.S. Merritt^\ A. Messina^^^^’^^^*’, 

J. Metcalfe^^, A.S. Mete^^^, C. Meyer*^, C. Meyer^^^, J-P. Meyer^^^, J. Meyer'°^, R.P Middleton^^', 

S. Miglioranzii65‘‘’''^5^ E. Mijovic^i, G. Mikenberg^^^ M. Mikestikova^^^, M. Mikuz’^ M. Milesi*^ 

A. Milic^o, D.W. Miller^i, C. Mills'^*^, A. Miloyi^^ D.A. Milsteadl^’^’l^^^ A.A. Minaenkoi^o, 

Y. Minami^^^, LA. Minashvili^^, A.E Mincer^^*’, B. Mindur^^^, M. Mineev^^, Y. Ming^’^, E.M. Mir^^, 

T. Mitani^^^, J. Mitrevski^*’®, V.A. Mitsou^^^, A. Miucci^^, PS. Miyagawa'^**, J.U. Mjbrnmark^\ 

T. K. Mochizuki*^^ S. Mohapatra^^, W. Mohr'^^ S. Molander^^^'*’!^’'’, R. Moles-Vallsl^^ 

K. Mbnig^^, C. Monini^^, J. Monk^^, E. Monnier^^, J. Montejo Berlingen^^, E. Monticelli^^, 

S. Monzani^^^‘‘’^^^’’, R.W. Moore^, N. Morange^^’, D. Moreno^^^, M. Moreno Elacer^^, P. Morettini^'^®, 
M. Morgenstern^^, M. Morii^^, V. Morisbak^^^, S. Moritz^^, A.K. Morley^^^, G. Mornacchi^°, 

J. D. Morris^^, S.S. Mortensen^^, A. Morton^^, E. Morvaj^°^, H.G. Moser^°\ M. Mosidze^^'’, J. Moss^'\ 

K. Motohashi^^^, R. Mount^"^^, E. Mountricha^^, S.V. Mouraviev^^’*, E.J.W. Moyse^^, S. Muanza*^, 

R.D. Mudd^^, E. Mueller^*’^, J. Mueller^^^, K. Mueller^^, R.S.P. Mueller^*’®, T. Mueller^^, 

D. Muenstermann"*^, P. Mullen^^, Y. Munwes^^^, J.A. Murillo Quijada*^, W.J. Murray^^^’^^\ 


34 



H. Musheghyan^^, E. Musto^^^, A.G. Myagkov^^*’’^, M. Myska^^^, O. Nackenhorst^"^, J. Nadal^"^, 

K. Nagai^^°, R. Nagai^^^, Y. Nagai^^, K. Nagano^^, A. Nagarkar^^^, Y. Nagasaka^^, K. Nagata^^^, 

M. Nagel^°\ E. Nagy^^, A.M. Nairz^°, Y Nakahama^'^, K. Nakamura^^, T. Nakamura^^^, L Nakano^^^, 

H. Namasivayam'^^ G. Nanava^\ R.E. Naranjo Garcia^^, R. Narayan^*'’, T. Naumann^^, G. Navarro^®^, 

R. Nayyar^, H.A. Neal^^, RYu. Nechaeva^^, TJ. Neep^^, P.D. Nef^^^, A. Negri^^'^’^^^'’, M. Negrini^*’^*, 

S. Nektarijevic^®^, C. Nellist^^^, A. Nelson^^^, S. Nemecek^^^, P. Nemethy^^*’, A.A. Nepomuceno^^^, 

M. Nessi3°’“, M.S. Neubauer^*^^ M. Neumann^’^, R.M. Neves“°, P. Nevski^^, PR. Newman^^ 

D.H. Nguyen^, R.B. Nickerson^^*^, R. Nicolaidou^^^, B. Nicquevert^°, J. Nielsen^^*, N. Nikiforou^^, 

A. Nikiforov^^, V. Nikolaenko^^°’^, E Nikolic-Audit^*’, K. Nikolopoulos^^, J.K. Nilsen^^^, P. Nilsson^^, 
Y. Ninomiya'^^, A. Nisati*^^®, R. Nisius^°^ T. Nobe^^*, M. Nomachi^*^, I. Nomidis^^, T. Nooney^^, 

S. Norberg^^^, M. Nordberg^*’, O. Novgorodova^^, S. Nowak^°\ M. Nozaki^^, E. Nozka^^^, K. Ntekas^*^, 

G. Nunes Hanninger^*, T. Nunnemann'*’'^, E. Nurse^^, E. Nuti^^, B.J. O’Brien^^, E. O’grady^, 

D. C. O’Neil'^^, V. O’Shea^^, EG. Oakham^^’^, H. Oberlack^°\ T. Obermann^^, J. Ocariz^*^, A. Ochi^^, 

I. Ochoa^^ S. Oda’O, S. Odaka*^^ H. Ogren*^!, A. Oh*^^, S.H. Oh^^, C.C. Ohmi^, H. Ohmani^’, 

H. Oide^*^, W. Okamura^^^, H. Okawa^^^, Y. Okumura^^, T. Okuyama^^^, A. Olariu^^^, 

S.A. Olivares Pino^^, D. Oliveira Damazio^^, E. Oliver Gareia^^*, A. Olszewski^^, J. Olszowska^^, 

A. Onofre^^^®’^^^®, P.U.E. Onyisi^^’^, C.J. Oram^^°^, M.J. Oreglia^^, Y. Oren^^^, D. Orestano^^^^’^^^'’, 

N. Orlando^^^, C. Oropeza Barrera^^, R.S. Orr^^^, B. Osculati^®^’^'”’, R. Ospanov^^, 

G. Otero y Garzon^^, H. Otono™, M. Ouchrif^^^‘*, E.A. OuelletteE. Ould-Saada^^^, A. Ouraou^^^, 
K.P Oussoren^*^’, Q. Ouyang^^®, A. Ovcharova^^, M. Owen^^, R.E. Owen^^, V.E. Ozcan'^^, N. Ozturk^, 
K. Pachal^^°, A. Pacheco Pages^^, C. Padilla Aranda^^, M. Pagacova^*, S. Pagan Griso^^, E. Paganis^^°, 

C. Pahl^°\ E. Paige^^ P. Pais^^ K. Pajchel”^ G. Palacino^'’^'’, S. Palestini^^, M. Palka^^'’, D. Pallin^^, 

A. PalmaYB. Pan'^^, E. Panagiotopoulou^®, C.E. Pandini^*’, J.G. Panduro Vazquez’^, 

P Pani^^^^’^^^'’, S. Panitkin^^, E. PaolozziTh.D. Papadopoulou^*’, K. Papageorgiou^^^, 

A. Paramonov^, D. Paredes Hernandez*^^, M.A. Parker^^, K.A. Parker^^®, E. Parodi^*^^’^*^*’, 

J. A. Parsons^^, U. Parzefall^^, E. Pasqualucci^^^®, S. Passaggio^°^, E. Pastore^^^^’^^^'’’*, Er. Pastore^^, 

G. Pasztor^^, S. Pataraia^^^, N.D. Patel^^\ J.R. Pater*^, T. Pauly^*^, J. Pearce^^*’, B. Pearson^^^, 

E. E. Pedersen^^, M. Pedersen^^^, S. Pedraza Eopez^^^, R. PedroS.V. Peleganchuk^^^, 

D. Pelikan^^’, H. Peng^^’’, B. Penning^\ J. Penwell^^ D.V. Perepelitsa^^, E. Perez Codina^^°^, 

M.T. Perez Garcia-Estan^®^, E. Perini^^‘*’^^'’, H. Pernegger^*’, S. Perrella^°^‘‘’^°^’’, R. Peschke^^, 

V.D. Peshekhonov^^, K. Peters^*’, R.E.Y Peters^^, B.A. Petersen^*^, T.C. Petersen^^, E. Petit^^, 

A. Petridis^^^®’^^^*’, C. Petridou^^^, E. Petrolo^^^^, E. Petrucci^^^^’^^^’’, N.E. Pettersson^^^, R. Pezoa^^*’, 
PW. Phillips^^\ G. Piacquadio^^^, E. Pianori^’^, A. Picazio^^, E. Piccaro^^, M. Piccinini^*’^*’^®'’, 

M.A. Pickering*^®, R. Piegaia^’, D.T. Pignotti^^\ J.E. Pilcher^\ A.D. Pilkington’^, J. 

M. Pinamonti^^^‘‘’^^^‘^’“^, J.E. Pinfold^, A. Pingel^^, B. Pinto'^^®, S. Pires^°, M. Pitt^^^, C. Pizio^^‘*’^^'’, 

E. Plazak^"^^^*, M.-A. Pleier^^, V. Pleskot^^^, E. Plotnikova^^, P. Plucinski^"^^‘‘’^^^'’, D. Pluth^^, 

R. Poettgen^^, E. Poggioli^^^, D. Pohl^\ G. Polesello^^^^^, A. Policicchio^^®’^^'’, R. Polifka^^^, 

A. Polini^*’^*, C.S. Pollard^^, V. Polychronakos^^, K. Pommes^°, E. Pontecorvo^^^^, B.G. Pope^°, 

G.A. Popeneciu^^'’, D.S. Popovic^^, A. Poppleton^*^, S. Pospisil^^^, K. Potamianos^^, I.N. Potrap^^, 

C.J. Potter^^*’, C.T. Potter^'^, G. Poulard^*’, J. Poveda^®, V. Pozdnyakov^^, P. Pralavorio*^, A. Pranko^^, 

S. Prasad^*’, S. Prell^^, D. Price*^, J. Price^^, E.E. Price^, M. Primavera^^^*, S. Prince^’, M. Proissl^^, 

K. Prokofiev^*^‘^, E. Prokoshin^^*’, E. Protopapadaki^^^, S. Protopopescu^^, J. Proudfoot^, 

M. Przybycien^*^, E. Ptacek^^^, D. Puddu^^^®’^^^*’, E. Pueschel^^, D. Puldon^^^, M. Purohit^^’"^, 

P. Puzo^^’, J. Qian*^, G. Qin^^, Y. Qin^"^, A. Quadt^^, D.R. Quarrie^^, W.B. Quayle^^^‘‘’^^^'’, 

M. Queitsch-Maitland^^, D. Quilty^^, S. Raddum^^^, V. Radeka^^, V. Radescu^^, S.K. Radhakrishnan^^^, 
P. Radloff^^^, P. Rados*^, E. Ragusa^^‘‘’^^'’, G. Rahal^^^, S. Rajagopalan^^, M. Rammensee^*^, 

C. Rangel-Smith^^^, E. Rauscher^^*’, S. Rave^^, T. Ravenscroft^^, M. Raymond^*’, A.E. Read^^^, 


35 



N.P. Readioff’^, D.M. A. Redelbach^^^, G. Redlinger^^, R. Reece^^^, K. Reeves^\ 

L. Rehnisch^^, H. Reisin^’, M. Relich*^^, C. Rembser^°, H. Ren^^^^, A. Renaud^^^, M. Rescigno^^^®, 

S. Resconi^^^, O.L. Rezanova^*’^’'^, R Reznicek^^^, R. Rezvani^^, R. Richter^°\ S. Richter^^, 

E. Richter-Was^^*’, O. Ricken^^, M. Ridel^*^, P. Rieck^^, CJ. Riegel^^^, J. Rieger^"*, M. Rijssenbeek^^^, 

A. Rimoldi^^^‘‘’'^^’’, L. Rinaldi^*^®, B. Ristic^^, E. Ritsch^^, L Riu^^, E. Rizatdinova'^^, E. Rizvi’^, 

S.H. Robertson^^’^, A. Robichaud-Veronneau^^, D. Robinson^^, J.E.M. Robinson*^, A. Robson^^, 

C. Rodai24a.i24b^ S j^Qg30^ O. R 0 hnei’^ S. Rolli^^^ A. Romaniouk‘^^ M. Romano^o^-^Ob, 

S.M. Romano Saez^^, E. Romero Adam^®^, N. Rompotis^^^, M. Ronzani^*, E. Roos^°, E. Ros^^^, 

S. Rosati^^^^*, K. Rosbach^*, P Rose'^^, PE. Rosendahl^^, O. Rosenthal'^^, V. Rossetti^^^®’^^^*’, 

E. Rossi^*^^“’^*’^’’, E.P Rossi^*^^, R. Rosten^^^, M. Rotaru^^^, L Roth^^^, J. Rothberg^^^, D. Rousseau^^^, 
C.R. Royon^^^, A. Rozanov^^, Y. Rozen^^^, X. Ruan^^^‘^, E Rubbo^^^, L Rubinskiy^^, V.L Rud^^, 

C. Rudolph^^, M.S. Rudolph^^^, E Riihr"^^, A. Ruiz-Martinez^°, Z. Rurikova^^, N.A. Rusakovich^^, 

A. Ruschke^^*’, H.E. Russell^^^, J.P Rutherfoord^, N. Ruthmann^^, Y.E. Ryabov'^^, M. Rybar^^^, 

G. Rybkin'^^, N.C. Ryder^^*^, A.E. Saavedra^^\ G. Sabato^*’^, S. Sacerdoti^^, A. Saddique^, 

H. E-W. Sadrozinski^^^, R. Sadykov^^, E. Safai Tehrani^^^^, M. Saimpert^^^, H. Sakamoto^^^, 

Y Sakurai^’^, G. Salamanna^^^^’^^^*’, A. Salamon^^^^, M. Saleem^^^, D. Salek'*’^, 

PH. Sales De Bruin^^^, D. Salihagie^°^, A. Salnikov^^^, J. Salt^^^, D. Salvatore^^®’^^'’, E Salvatore^^*’, 

A. Salvueei^®^, A. Salzburger^°, D. Sampsonidis'^^, A. Sanehez^®^^’^®^'’, J. Sanehez^^*, 

V. Sanehez Martinez^^^, H. Sandaker^"*, R.E. Sandbaeh^^, H.G. Sander^^, M.P Sanders^*’®, 

M. Sandhoff^^^, C. Sandoval^^^, R. Sandstroem^*^^ D.P.C. Sankey^^', M. Sannino^^®’^®'’, A. Sansoni"^^, 

C. Santoni^^, R. Santonieo^^^‘‘’^^^’’, H. Santos^^^^*, I. Santoyo Castillo^^*^, K. Sapp'^^, A. Sapronov^^, 

J. G. Saraiva^^^‘*’'^^‘^, B. Sarrazin^^, O. Sasaki^^, Y. Sasaki^^^, K. Sato^^\ G. Sauvage^’*, E. Sauvan^, 

G. Savage^^, P. Savard^^^’^, C. Sawyer^^®, E. Sawyer^^’”, J. Saxon^', C. Sbarra^°^, A. Sbrizzi^°^’^°’’, 

T. Seanlon^*, D.A. Seannieehio^^^, M. Seareella^^^ V. Searfone^^^’^^*’, J. Sehaarsehmidt^’^, 

P. Sehaeht^*^\ D. Sehaefer^*^, R. Sehaefer^^, J. SehaefFer^^, S. Sehaepe^^, S. Sehaetzel^^'’, U. Sehafer^^, 
A.C. Sehaffer^^^, D. Sehaile^®*’, R.D. Sehamberger^^^, V. Seharf^^^^, V.A. Sehegelsky'^^, D. Seheirieh^^^, 
M. Sehernau^*’^, C. Sehiavi50^’5°^ C. Sehillo^^ M. Sehioppa^’^’^vb^ 3 Sehlenker^o, E. Sehmidt^^ 

K. Sehmieden^°, C. Sehmitt^^, S. Sehmitt^*'’, S. Sehmitt^^, B. Sehneider^^*’®, YJ. Sehnellbaeh^^, 

U. Sehnoor^^, E. Sehoeffel^^^, A. Sehoening^^*’, B.D. Sehoenroek^*’, E. Sehopf^\ 

A. E.S. Sehorlemmer^^, M. Sehott^^, D. Sehouten'^°®, J. Sehovaneova^, S. Sehramm^^^, M. Sehreyer^^^, 
C. Sehroeder^^, N. Sehuh^^, M.J. Sehultens^\ H.-C. Sehultz-Coulon^^^*, H. Sehulz'^, M. Sehumaeher^^, 

B. A. Sehumm^^*, Ph. Sehune^^’, C. Sehwanenberger^^, A. Sehwartzman^^^, T.A. Sehwarz^^, 

Ph. Sehwegler^^^, Ph. Sehwemling^^^, R. Sehwienhorst^°, J. Sehwindling^^’, T. Sehwindt^\ 

M. Sehwoerer^, EG. Seiaeea^^, E. Seifo'^^, G. Seiolla^^, E. Seuri*^^^’^^^'’, E. Seutti^\ J. Searey^^, 

G. Sedov^^, E. Sedykh^^^, P. Seema^^, S.C. Seidel'®^, A. Seiden^^^, E. Seifert'^^, J.M. Seixas^^®, 

G. Sekhniaidze^*^^^, S.J. Sekula^*^, K.E. Selbaeh^^, D.M. Seliverstov^^^’*, N. Semprini-Cesari^*’®’^*’'’, 

C. Serfon^*’, E. Serin^^^, E. Serkin^^^‘*’^^^’’, T. Serre^^, R. Seuster^^*^^*, H. Severini^^^, T. Sfiligoj^^, 

E. Sforzai°\ A. Sfyrla^^, E. Shabalina^^, M. Shamimii^ E.Y Shan^^^ R. Shang^^^ J.T. Shank^^, 

M. Shapiro^^ PB. Shatalov^’, K. Shaw'65a.i65b^ ^ Sheherbakovai42a447b^ ^ Y. Shehu'^o, 

P. Sherwood^*, E. S. Shimizu^’, C.O. Shimmin^^^, M. Shimojima^®^, M. Shiyakova^^, 

A. Shmeleva^^, D. Shoaleh Saadi^^, M.J. Shoehet^^ S. Shojaii^^^’^^*’, S. Shrestha^^^ E. Shulga^^, 

M. A. Shupe^, S. Shushkevieh"*^, P. Sieho^^^, O. Sidiropoulou*^^, D. Sidorov^^^, A. Sidoti^*’^’^®*’, 

E. Siegert^^, Dj. Sijaeki^^, J. Y. Silver'^^, S.B. Silverstein'^^®, V. Simak^^^, O. Simard^, 

Ej. Simie'^, S. Simion^^^, E. Simioni^^, B. Simmons^*, D. Simon^^, R. Simoniello^^^^’^'^, P. Sinervo^^^, 

N. B. Sinev”*’, G. Siragusa'^^ A.N. Sisakyan'^^’*, S.Yu. Sivoklokov‘^^ J. Sjolini^^^^’i^vb^ Y.B. Sjursenl^ 
M.B. Skinner’^, H.P Skottowe^’, P. Skubie^^^, M. Slater^^, T. Slavieek^^^, M. Slawinska^*’^, 

K. Sliwa^^^, V. Smakhtin^^^, B.H. Smart^®, E. Smestad^^, S.Yu. Smirnov^^, Y. Smirnov^*, 


36 



L. N. Smirnova^^’"^, O. Smirnova^', M.N.K. Smith^^, M. Smizanska’^, K. Smolek^^^, A.A. Snesarev^^, 

G. Snidero^^ S. Snyder^^, R. Sobiei’^’^ F. Socher^^^ A. Sofferi54, d.A. Sohi52.«rf, C.A. Solans^^, 

M. Solar^ 28 ^ j Solc^^\ E.Yu. Soldatov‘’^ U. Soldevilai^^ A.A. Solodkoyi^o, A. Soloshenko^^ 

O. V. Solovyanov^^*’, V. Solovyev^^^, R Sommer^*, H.Y. Song^^’’, N. Soni^, A. Sood^^, A. Sopczak^^s^ 

B. Sopko^^^, V. Sopko^^^, V. Sorin^^, D. Sosa^^’’, M. Sosebee^, C.L. Sotiropoulou^^^^’^^^'’, 

R. Soualahi65aa65c^ p Soueid^^, A.M. Soukharev^o^’^ D. South^^, S. Spagnolo^^^’^sb^ jyj Spallai24ad24b^ 

F. Spano^^, W.R. Spearman^^, F. Spettel^°\ R. Spighi^*^®, G. Spigo^*’, L.A. Spiller*^, M. Spousta^^^, 

T. Spreitzer^^^, R.D. St. Denis^^’*, S. Staerz^^, J. Stahlman'^^, R. Stamen^*^, S. Stamm^^, E. Stanecka^^, 

C. Stanescu^^^^, M. Stanescu-Bellu^^, M.M. Stanitzki^^, S. Stapnes^^^, E.A. Starchenko^^*’, J. Stark^^, 

P. Staroba^^2^ p Starovoitov^^, R. Staszewski^^, P. Stavina^^^^*’*, P Steinberg^^, B. Stelzer^^^, 

H. J. Stelzer^°, O. Stelzer-Chilton^^'^®, H. Stenzel^^, S. Stern^*’^ G.A. Stewart^^, J.A. Stillings^\ 

M.C. Stockton^’, M. Stoebe^^, G. Stoicea^^^, P Stolte^^, S. Stonjek^°\ A.R. Stradling^, A. Straessner'^^, 
M.E. Stramaglia^2^ j Strandberg^^^, S. Strandberg^^2a,i47b^ ^ Strandlie'^^, E. Strauss^^^, M. Strauss^ 

P Strizenec^^^*’, R. Strbhmer^’^, D.M. Strom^^^, R. Stroynowski^°, A. Strubig^*^^, S.A. Stucci^^, 

B. Stugu^^, N.A. Styles^^, D. J. R. Subramaniam^^, A. Succurro^2^ Y. Sugaya^^^, 

C. Suhrio^ M. Suki28, v.V. Sulin‘^^ S. Sultansoy^^, T. Sumida*^^ S. Sun^^ X. 

J. E. Sundermann^^, K. Suruliz^^°, G. Susinno^^®’^^'’, M.R. Sutton^^*^, S. Suzuki^^, Y Suzuki^^, 

M. Svatos^^^, S. Swedish^^^, M. Swiatlowski'^"^, L Sykora^^^^*, T. Sykora^^^, D. Ta^*’, C. Taccini^^^^’^^^*’, 

K. Tackmann^^, J. Taenzer^^^, A. Taffard^^"^, R. Tafirout^^*’^, N. Taiblum'^^, H. Takai^^, R. Takashima^^, 

H. Takeda^^ T. Takeshita^^^ Y Takubo^^ M. Talby*^ A.A. Talyshevi°‘’’^ J.Y.C. Tami’^ K.G. Tan^^ 

J. Tanaka^^^, R. Tanaka^^^^ § Tanaka'^^, S. Tanaka^^, B.B. Tannenwald^^^, N. Tannoury^\ 

S. Tapprogge^^, S. Tarem^^^, E. Tarrade^^, G.E. Tartarelli^^®, P. Tas^^^, M. Tasevsky^^^, T. Tashiro^^, 

E. Tassi^^^’^^'’, A. Tavares Delgadoi 26 a,i 26 b^ Y. Tayalati^^fid^ PE. Taylor‘’'‘, G.N. Taylor*^^ W. Taylor^‘’°‘’, 
E.A. Teischinger^*^, M. Teixeira Dias Castanheira^^, P. Teixeira-Dias^^, K.K. Temming^*, H. Ten Kate^*^, 
PK. Teng^^^, J.J. Teoh^^^, E. Tepel^^^, S. Terada^^, K. Terashi^^^, J. Terron^^, S. Terzo^°^, M. Testa^’, 

R. J. Teuseher'^^’^, J. Therhaag2i, T. Theveneaux-Pelzer^^, J.P Thomas^*, J. Thomas-Wilsker’^, 

E.N. Thompson^^, P.D. Thompson^^, R.J. Thompson^^, A.S. Thompson^^, E.A. Thomsen^^, 

E. Thomson^^^, M. Thomson^^, R.P. Thun^^’*, M.J. Tibbetts^^, R.E. Tiese Torres^^, 

V. O. Tikhomirov^^’^*-^, Yu.A. TikhonovS. Timoshenko^^, E. Tiouehiehine^^, P. Tipton^^^, 

S. Tisserant*^, T. Todorov^’*, S. Todorova-Nova^^^, J. Tojo’*’, S. Tokar^^^^, K. Tokushuku^^, 

K. Tollefson^®, E. Tolley^^, E. Tomlinson^"^, M. Tomoto^*’^, E. TompkinsK. Toms^°^, 

E. Torrenee^^^, H. Torres^^^, E. Torro Pastor^^^, J. Toth^^’"^, E. Touehard^^, D.R. Tovey^^°, 

T. Trefzger^^^, E. Tremblet^*^, A. Trieoli^*^, I.M. Trigger^^'^®, S. Trineaz-Duvoid^*’, M.E. Tripiana^^, 

W. Trisehuk^^^, B. Troeme^^, C. Troneon^^^, M. Trottier-MeDonald^^, M. Trovatelli^^^^’^^^*’, P. True^°, 
M. Trzebinski^^, A. Trzupek^^, C. Tsarouehas^°, J.C-E. Tseng^^*^, PV. Tsiareshka^^, D. Tsionou^^^, 

G. Tsipolitis^*’, N. Tsirintanis^, S. Tsiskaridze^^, V. Tsiskaridze^*, E.G. Tskhadadze^^^*, 

I. T Tsukerman^2^ V. Tsulaia^^, S. Tsuno^^, D. Tsybyehev^^^, A. Tudoraehe^^®, V. Tudoraehe^^^, 

A.N. Tuna^^^, S.A. Tupputi^*^^'^*’’’, S. Turehikhin^^’"^, D. Tureeek^^^, R. Turra^^^’^"’, A.J. Turvey^°, 

PM. Tuts^^, A. Tykhonov^^, M. Tylmad^^2a,i47b^ jy[ Xyndel^^\ T Ueda^^^, R. Ueno^^, 

M. Ughetto^^^‘*’^^^’’, M. Ugland^^, M. Uhlenbroek^^ E. Ukegawa^^\ G. Unal^*’, A. Undrus^^, 

G. Unel^^^, EC. Ungaro^^, Y. Unno^^, C. Unverdorben^^*’, J. Urban'^^’’, P. Urquijo^^, P. Urrejola^^, 

G. Usai^, A. Usanova^^, E. Vaeavant*^, V. Vaeek^^*, B. Vaehon^^, C. Valderanis^^, N. Valeneie^°^, 

S. Valentinetti^°^’2*^’’, A. Valero^®^, E. Valery^^, S. Valkar^^^, E. Valladolid Gallego^^^, S. Valleeorsa^^, 

J. A. Vails Eerrer^^*, W. Van Den Wollenberg^*’^, PC. Van Der Deijl^*^’, R. van der Geer^*’^, 

H. van der Graaf^*’^, R. Van Der Eeeuw'*^^, N. van Eldik^^^, P. van Gemmeren®, J. Van Nieuwkoop^^^, 

I. van Vulpen^*^^^ M.C. van Woerden^*’, M. Vanadia^23a,i33b^ ^ Vandelli^*^, R. Vanguri^^^, 

A. Vaniaehine^, E. Vannueei^*’, G. Vardanyan^’^, R. Vari^^^^, E.W. Varnes^, T. Varol^°, D. Varouehas^°, 


37 



A. Vartapetian^, K.E. Varvell^^', F. Vazeille^^, T. Vazquez Schroeder^^, J. Veatch^, F. 

T. Velz^^, S. Veneziano^^^®, A. Ventura^^^’^^*’, D. Ventura*^, M. Venturi^™, N. Venturi^^^, A. Venturini^^, 
V. Vercesi^^^®, M. Verducci^^^‘‘’^^^’’, W. Verkerke^*’^, J.C. Vermeulen^*^^, A. Vest^^, M.C. Vetterli^^^’^, 

O. Viazlo^^, L Vichou^^^, T. Vickey^^*^, O.E. Vickey Boeriu^^°, G.H.A. Viehhauser^^*’, S. Viel^^, 

R. Vigne^*^, M. Villa^°^’^*^'’, M. Villaplana Perez^^‘‘’^^'’, E. Vilucchi"^’, M.G. Vincter^^, V.B. Vinogradov^^, 
L Vivarelli'^*^, F. Vives Vaque^, S. Vlachos^*’, D. Vladoiu^*’®, M. Vlasak^^^, M. Vogel^^^*, R Vokac^^^, 

G. M. Volpi^^, H. von der Schmitt**^', H. von Radziewski^^, E. von Toerne^^, 

V. Vorobel^^^, K. Vorobev^^, M. Vos'^^, R. Voss^*’, J.H. Vossebeld^^, N. Vranjes^^, 

M. Vranjes Milosavljevic^^, V. Vrba^^^, M. Vreeswijk^*^’, R. Vuillermet^*’, E Vukotic^\ Z. Vykydal^^*, 

R Wagner^^, W. Wagner^^^, H. Wahlberg^', S. Wahrmund^^, J. Wakabayashi^*’^, J. Walder^^, 

R. Walker^®*’, W. Walkowiak^^^, C. Wang^^‘^, F. Wang^^^, H. Wang^^, H. Wang^*’, J. Wang^^, J. Wang^^®, 
K. Wang^’, R. Wang^, S.M. Wang^^^, T. Wang^^, X. Wang^’^, C. Wanotayaroj^^^, A. Warburton^^, 

C.R Ward^^, D.R. Wardrope^^, M. Warsinsky^*, A. Washbrook^^, C. Wasicki^^, RM. Watkins^^, 

A.T. Watson^*, LJ. Watson^^\ M.F. Watson^^, G. Watts^^^, S. Watts^^, B.M. Waugh’^, S. Webb^^, 

M.S. Weber^^, S.W. Weber^^^, J.S. Webster^^ A.R. Weidberg^^*^, B. Weinert^^, J. Weingarten^^, 

C. Weiser^^, H. Weits^*^^, RS. Wells^*^, T. Wenaus^^, T. Wengler^°, S. Wenig^*’, N. Wermes^\ 

M. Werner^^, R Werner^*’, M. Wessels^*®, J. Wetter^^^, K. Whalen^^, A.M. Wharton^^, A. White^, 

MJ. White\ R. White^^’’, S. WhiteD. Whiteson^^^, FJ. Wiekens^^\ W. Wiedenmann^^^, 

M. Wielers^^^, R Wienemann^^, C. Wiglesworth^^, F.A.M. Wiik-Fuehs^^, A. Wildauer^^^, 

H. G. Wilkens^*’, H.H. Williams^^^, S. Williams^*’’, C. Willis^*^, S. Willoeq^^, A. Wilson^^, 

J. A. Wilson'^, F Wingerter-Seez^, F Winklmeier^^®, B.T. Winter^^, M. Wittgen^^^, J. Wittkowski^*’®, 

SJ. Wollstadt*^, M.W. Wolter^^, H. B.K. Wosiek^^, J. Wotschack^*’, MJ. Woudstra^^, 

K. W. Wozniak^^, M. M. Wu^^, S.F. Wu^’^, X. Y. Wu*‘’, T.R. Wyatt^^, B.M. Wynne^^ 

S. Xella^^, D. Xu^^^, F. Xu^^'’’'^', B. Yabsley^^\ S. Yaeoob^^^’’’“E R. Yakabe^^, M. Yamada^^, 

Y. Yamaguchi^^^, A. Yamamoto^^, S. YamamotoT. Yamanaka^^^, K. Yamauchi^^^, Y. Yamazaki^^, 

Z. Yan^^, H. Yang^^®, H. Yang^^^, Y. Yang^^^, F. Yao^^®, W-M. Yao^^, Y. Yasu^®, E. Yatsenko^^, 

K.H. Yau Wong^\ J. Ye^°, S. Ye^^, F Yeletskikh^^, A.F. Yen^^, E. Yildirim^^, K. Yorita^’^, R. Yoshida^, 
K. Yoshiharai22, c. Young^^^^ C j S Young^o, S. Youssef^^, D.R. Yu^^, F Yu^ J.M. Yu^'^, F Yu^'^, 

F. Yuan^^, A. Yurkewicz**’^, F Yusuff^^’^*^, B. Zabinski^^, R. Zaidan^^, A.M. Zaitsev^^*’’^, J. Zalieckas^^, 
A. Zaman^^^, S. Zambito^^, F. Zanello^^^^’^^^’’, D. Zanzi^^, C. Zeitnitz'^^, M. Zeman^^^, A. Zemla^^^, 

K. Zengel23, O. Zenin^^o, T. Zenis^^^^ D. Zerwas”^ D. Zhang^'^, F. Zhang^^'^, J. Zhang^ F. Zhang'^^ 

R. Zhang^^'’, X. Zhang^^‘*, Z. Zhang^'^^ X. Zhao^*’, Y. Zhao^^'*’^^^^ Z Zhao^^b^ Y. Zhemehugov^^, 

J. Zhong^^o^ g Zhou^^ C. Zhou^^ F. Zhou^^, F. Zhou^°, N. Zhou^^^, C.G. Zhu^^^, H. Zhu^^^ J. Zhu^^ 
Y. Zhu^^’’, X. Zhuang^^®, K. Zhukov^^, A. Zibell^’^, D. Zieminska^^, N.F Zimine^^, C. Zimmermann^^, 
R. Zimmermann^\ S. Zimmermann^^, Z. Zinonos^^, M. Zinser^^, M. Ziolkowski'^^, F. Zivkovic^^, 

G. Zobernig^^^, A. Zoeeoli^*’^*’^®'’, M. zur Nedden^^, G. Zurzolo'^^®’^*’^*’, F. Zwalinski^*’. 

^ Department of Physics, University of Adelaide, Adelaide, Australia 
^ Physics Department, SUNY Albany, Albany NY, United States of America 
^ Department of Physics, University of Alberta, Edmonton AB, Canada 
^ Department of Physics, Ankara University, Ankara; Istanbul Aydin University, IstanbuF 
Division of Physics, TOBB University of Economics and Technology, Ankara, Turkey 
^ FARR CNRS/IN2P3 and Universite Savoie Mont Blanc, Annecy-le-Vieux, France 
^ High Energy Physics Division, Argonne National Faboratory, Argonne IF, United States of America 
2 Department of Physics, University of Arizona, Tucson AZ, United States of America 
^ Department of Physics, The University of Texas at Arlington, Arlington TX, United States of America 
^ Physics Department, University of Athens, Athens, Greece 


38 



Physics Department, National Technical University of Athens, Zografou, Greece 
Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan 
Institut de Fisica d’Altes Energies and Departament de Fisica de la Universitat Autonoma de 
Barcelona, Barcelona, Spain 

Institute of Physics, University of Belgrade, Belgrade, Serbia 
Department for Physics and Technology, University of Bergen, Bergen, Norway 
Physics Division, Lawrence Berkeley National Laboratory and University of California, Berkeley CA, 
United States of America 

Department of Physics, Humboldt University, Berlin, Germany 

Albert Einstein Center for Fundamental Physics and Laboratory for High Energy Physics, University 
of Bern, Bern, Switzerland 

School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom 

19 (a) Department of Physics, Bogazici University, Istanbul; Department of Physics, Dogus University, 
Istanbul; Department of Physics Engineering, Gaziantep University, Gaziantep, Turkey 

20 (a) JNPN Sezione di Bologna; Dipartimento di Fisica e Astronomia, Universita di Bologna, 
Bologna, Italy 

Physikalisches Institut, University of Bonn, Bonn, Germany 
Department of Physics, Boston University, Boston MA, United States of America 
Department of Physics, Brandeis University, Waltham MA, United States of America 
24 (a) Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro; Electrical Circuits 
Department, Federal University of Juiz de Fora (UFJF), Juiz de Fora; Federal University of Sao Joao 
del Rei (UFSJ), Sao Joao del Rei; Instituto de Fisica, Universidade de Sao Paulo, Sao Paulo, Brazil 
Physics Department, Brookhaven National Laboratory, Upton NY, United States of America 
26 (a) National Institute of Physics and Nuclear Engineering, Bucharest; National Institute for 
Research and Development of Isotopic and Molecular Technologies, Physics Department, Cluj Napoca; 
University Politehnica Bucharest, Bucharest; West University in Timisoara, Timisoara, Romania 
Departamento de Fisica, Universidad de Buenos Aires, Buenos Aires, Argentina 
Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom 
Department of Physics, Carleton University, Ottawa ON, Canada 
CERN, Geneva, Switzerland 

Enrico Fermi Institute, University of Chicago, Chicago IF, United States of America 

32 (a) Departamento de Fisica, Pontificia Universidad Catolica de Chile, Santiago; Departamento de 
Fisica, Universidad Tecnica Federico Santa Marla, Valparaiso, Chile 

33 (a) Institute of High Energy Physics, Chinese Academy of Sciences, Beijing; Department of 
Modern Physics, University of Science and Technology of China, Anhui; Department of Physics, 
Nanjing University, Jiangsu; School of Physics, Shandong University, Shandong; Department of 
Physics and Astronomy, Shanghai Key Laboratory for Particle Physics and Cosmology, Shanghai Jiao 
Tong University, Shanghai; Physics Department, Tsinghua University, Beijing 100084, China 

Laboratoire de Physique Corpusculaire, Clermont Universite and Universite Blaise Pascal and 
CNRS/IN2P3, Clermont-Ferrand, France 

Nevis Laboratory, Columbia University, Irvington NY, United States of America 
Niels Bohr Institute, University of Copenhagen, Kobenhavn, Denmark 

37 (a) infN Gruppo Collegato di Cosenza, Laboratori Nazionali di Frascati; Dipartimento di Fisica, 
Universita della Calabria, Rende, Italy 

38 (a) ^Qii University of Science and Technology, Faculty of Physics and Applied Computer Science, 
Krakow; Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland 

Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland 


39 



Physics Department, Southern Methodist University, Dallas TX, United States of America 
Physics Department, University of Texas at Dallas, Richardson TX, United States of America 
DESY, Hamburg and Zeuthen, Germany 

Institut fiir Experimentelle Physik IV, Technische Universitat Dortmund, Dortmund, Germany 
Institut fiir Kern- und Teilchenphysik, Technische Universitat Dresden, Dresden, Germany 
Department of Physics, Duke University, Durham NC, United States of America 
SUPA - School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom 
INEN Eaboratori Nazionali di Erascati, Erascati, Italy 

Eakultat fiir Mathematik und Physik, Albert-Eudwigs-Universitat, Ereiburg, Germany 
Section de Physique, Universite de Geneve, Geneva, Switzerland 

50 (a) jjqpjq Sezione di Genova; Dipartimento di Eisica, Universita di Genova, Genova, Italy 

51 (a) p Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi; High 
Energy Physics Institute, Tbilisi State University, Tbilisi, Georgia 

II Physikalisches Institut, Justus-Eiebig-Universitat Giessen, Giessen, Germany 

SUPA - School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom 

II Physikalisches Institut, Georg-August-Universitat, Gottingen, Germany 

Eaboratoire de Physique Subatomique et de Cosmologie, Universite Grenoble-Alpes, CNRS/IN2P3, 
Grenoble, Prance 

Department of Physics, Hampton University, Hampton VA, United States of America 
Eaboratory for Particle Physics and Cosmology, Harvard University, Cambridge MA, United States of 
America 

58 (a) Kirchhoff-Institut fiir Physik, Ruprecht-Karls-Universitat Heidelberg, Heidelberg; 

Physikalisches Institut, Ruprecht-Karls-Universitat Heidelberg, Heidelberg; ZITI Institut fiir 
technische Informatik, Ruprecht-Karls-Universitat Heidelberg, Mannheim, Germany 

Paculty of Applied Information Science, Hiroshima Institute of Technology, Hiroshima, Japan 
60 (a) Department of Physics, The Chinese University of Hong Kong, Shatin, N.T, Hong Kong; 
Department of Physics, The University of Hong Kong, Hong Kong; Department of Physics, The 
Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong, China 
Department of Physics, Indiana University, Bloomington IN, United States of America 
Institut fiir Astro- und Teilchenphysik, Eeopold-Pranzens-Universitat, Innsbruck, Austria 
University of Iowa, Iowa City lA, United States of America 
^ Department of Physics and Astronomy, Iowa State University, Ames lA, United States of America 
Joint Institute for Nuclear Research, JINR Dubna, Dubna, Russia 
KEK, High Energy Accelerator Research Organization, Tsukuba, Japan 
Graduate School of Science, Kobe University, Kobe, Japan 
Eaculty of Science, Kyoto University, Kyoto, Japan 
Kyoto University of Education, Kyoto, Japan 
Department of Physics, Kyushu University, Eukuoka, Japan 

Institute de Eisica Ea Plata, Universidad Nacional de Ea Plata and CONICET, Ea Plata, Argentina 
Physics Department, Eancaster University, Eancaster, United Kingdom 
73 (a) jjqpjq Sezione di Eecce; Dipartimento di Matematica e Eisica, Universita del Salento, Eecce, 
Italy 

Oliver Eodge Eaboratory, University of Eiverpool, Eiverpool, United Kingdom 
Department of Physics, Jozef Stefan Institute and University of Ejubljana, Ejubljana, Slovenia 
School of Physics and Astronomy, Queen Mary University of Eondon, Eondon, United Kingdom 
Department of Physics, Royal Holloway University of Eondon, Surrey, United Kingdom 
Department of Physics and Astronomy, University College Eondon, Eondon, United Kingdom 


40 



Louisiana Tech University, Ruston LA, United States of America 

Laboratoire de Physique Nucleaire et de Hautes Energies, UPMC and Universite Paris-Diderot and 
CNRS/IN2P3, Paris, France 

Fysiska institutionen. Funds universitet. Fund, Sweden 

Departamento de Fisica Teorica C-15, Universidad Autonoma de Madrid, Madrid, Spain 
Institut fiir Physik, Universitat Mainz, Mainz, Germany 

School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom 

CPPM, Aix-Marseille Universite and CNRS/IN2P3, Marseille, France 

Department of Physics, University of Massachusetts, Amherst MA, United States of America 

Department of Physics, McGill University, Montreal QC, Canada 

School of Physics, University of Melbourne, Victoria, Australia 

Department of Physics, The University of Michigan, Ann Arbor MI, United States of America 
Department of Physics and Astronomy, Michigan State University, East Fansing MI, United States of 
America 

91 (a) jjqpjq Sezione di Milano; Dipartimento di Fisica, Universita di Milano, Milano, Italy 

B.I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Republic of 
Belarus 

National Scientific and Educational Centre for Particle and High Energy Physics, Minsk, Republic of 
Belarus 

Department of Physics, Massachusetts Institute of Technology, Cambridge MA, United States of 
America 

Group of Particle Physics, University of Montreal, Montreal QC, Canada 
PN. Febedev Institute of Physics, Academy of Sciences, Moscow, Russia 
Institute for Theoretical and Experimental Physics (ITEP), Moscow, Russia 
National Research Nuclear University MEPhI, Moscow, Russia 

D. V. Skobeltsyn Institute of Nuclear Physics, M.V. Fomonosov Moscow State University, Moscow, 
Russia 

100 pakultat fiir Physik, Fudwig-Maximilians-Universitat Miinchen, Miinchen, Germany 
Max-Planck-Institut fiir Physik (Werner-Heisenberg-Institut), Miinchen, Germany 
102 Nagasaki Institute of Applied Science, Nagasaki, Japan 

Graduate School of Science and Kobayashi-Maskawa Institute, Nagoya University, Nagoya, Japan 
104 (a) jnfN Sezione di Napoli; Dipartimento di Fisica, Universita di Napoli, Napoli, Italy 

Department of Physics and Astronomy, University of New Mexico, Albuquerque NM, United States 
of America 

Institute for Mathematics, Astrophysics and Particle Physics, Radboud University Nijmegen/Nikhef, 
Nijmegen, Netherlands 

Nikhef National Institute for Subatomic Physics and University of Amsterdam, Amsterdam, 
Netherlands 

Department of Physics, Northern Illinois University, DeKalb IF, United States of America 
Budker Institute of Nuclear Physics, SB RAS, Novosibirsk, Russia 
^ Department of Physics, New York University, New York NY, United States of America 
Ohio State University, Columbus OH, United States of America 
Faculty of Science, Okayama University, Okayama, Japan 

Homer F. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman OK, 
United States of America 

Department of Physics, Oklahoma State University, Stillwater OK, United States of America 
Palacky University, RCPTM, Olomouc, Czech Republic 


41 



Center for High Energy Physies, University of Oregon, Eugene OR, United States of Ameriea 
EAE, Universite Paris-Sud and CNRS/IN2P3, Orsay, Eranee 
Graduate Sehool of Seienee, Osaka University, Osaka, Japan 
Department of Physies, University of Oslo, Oslo, Norway 
Department of Physies, Oxford University, Oxford, United Kingdom 
121 (a) iNPN Sezione di Pavia; Dipartimento di Eisiea, Universita di Pavia, Pavia, Italy 

Department of Physies, University of Pennsylvania, Philadelphia PA, United States of Ameriea 
Petersburg Nuelear Physies Institute, Gatehina, Russia 
124 (a) JNPN Sezione di Pisa; Dipartimento di Eisiea E. Eermi, Universita di Pisa, Pisa, Italy 
Department of Physies and Astronomy, University of Pittsburgh, Pittsburgh PA, United States of 
Ameriea 

126 (a) paboratorio de Instrumentaeao e Eisiea Experimental de Partieulas - EIR Eisboa; Eaeuldade de 
Cieneias, Universidade de Eisboa, Eisboa; Department of Physies, University of Coimbra, Coimbra; 

Centro de Eisiea Nuelear da Universidade de Eisboa, Eisboa; Departamento de Eisiea, 

Universidade do Minho, Braga; Departamento de Eisiea Teoriea y del Cosmos and CAEPE, 
Universidad de Granada, Granada (Spain); Dep Eisiea and CEEITEC of Eaeuldade de Cieneias e 
Teenologia, Universidade Nova de Eisboa, Capariea, Portugal 

Institute of Physies, Aeademy of Seienees of the Czeeh Republie, Praha, Czeeh Republie 
Czeeh Teehnieal University in Prague, Praha, Czeeh Republie 

Eaeulty of Mathematies and Physies, Charles University in Prague, Praha, Czeeh Republie 
State Researeh Center Institute for High Energy Physies, Protvino, Russia 
131 partiele Physies Department, Rutherford Appleton Eaboratory, Dideot, United Kingdom 
Ritsumeikan University, Kusatsu, Shiga, Japan 

133 (a) JNPN Sezione di Roma; Dipartimento di Eisiea, Sapienza Universita di Roma, Roma, Italy 

134 (a) j]sjp]sj Sezione di Roma Tor Vergata; Dipartimento di Eisiea, Universita di Roma Tor Vergata, 
Roma, Italy 

135 (a) jpjppj Sezione di Roma Tre; Dipartimento di Matematiea e Eisiea, Universita Roma Tre, Roma, 
Italy 

136 (a) paculte des Seienees Ain Choek, Reseau Universitaire de Physique des Hautes Energies - 
Universite Hassan II, Casablanea; Centre National de TEnergie des Seienees Teehniques Nueleaires, 
Rabat; Eaeulte des Seienees Semlalia, Universite Cadi Ayyad, EPHEA-Marrakeeh; Eaeulte des 
Seienees, Universite Mohamed Premier and EPTPM, Oujda; Eaeulte des seienees, Universite 
Mohammed V-Agdal, Rabat, Moroeeo 

DSM/IREU (Institut de Reeherehes sur les Eois Eondamentales de I’Univers), CEA Saelay 
(Commissariat a TEnergie Atomique et aux Energies Alternatives), Gif-sur-Yvette, Eranee 

Santa Cruz Institute for Partiele Physies, University of California Santa Cruz, Santa Cruz CA, United 
States of Ameriea 

Department of Physies, University of Washington, Seattle WA, United States of Ameriea 

Department of Physies and Astronomy, University of Sheffield, Sheffield, Unifed Kingdom 

Deparfmenf of Physies, Shinshu Universify, Nagano, Japan 

Eaehbereieh Physik, Universifaf Siegen, Siegen, Germany 

Deparfmenf of Physies, Simon Eraser Universify, Burnaby BC, Canada 

SEAC Nafional Aeeelerafor Eaborafory, Sfanford CA, Unifed Sfafes of Ameriea 

145 (a) paculty of Mafhemafies, Physies & Informafies, Comenius Universify, Brafislava; Deparfmenf 
of Subnuelear Physies, Insfifufe of Experimenfal Physies of fhe Slovak Aeademy of Seienees, Kosiee, 
Slovak Republie 

146 (a) Departmenf of Physies, Universify of Cape Town, Cape Town; Deparfmenf of Physies, 


42 



University of Johannesburg, Johannesburg; School of Physics, University of the Witwatersrand, 
Johannesburg, South Africa 

147 (a) Department of Physics, Stockholm University; The Oskar Klein Centre, Stockholm, Sweden 

148 Physics Department, Royal Institute of Technology, Stockholm, Sweden 

Departments of Physics & Astronomy and Chemistry, Stony Brook University, Stony Brook NY, 
United States of America 

Department of Physics and Astronomy, University of Sussex, Brighton, United Kingdom 
School of Physics, University of Sydney, Sydney, Australia 
Institute of Physics, Academia Sinica, Taipei, Taiwan 

Department of Physics, Technion: Israel Institute of Technology, Haifa, Israel 
Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv, 
Israel 

Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece 
International Center for Elementary Particle Physics and Department of Physics, The University of 
Tokyo, Tokyo, Japan 

Graduate School of Science and Technology, Tokyo Metropolitan University, Tokyo, Japan 
Department of Physics, Tokyo Institute of Technology, Tokyo, Japan 
Department of Physics, University of Toronto, Toronto ON, Canada 
160 (a) priumF, Vancouver BC; Department of Physics and Astronomy, York University, Toronto 
ON, Canada 

Faculty of Pure and Applied Sciences, University of Tsukuba, Tsukuba, Japan 
Department of Physics and Astronomy, Tufts University, Medford MA, United States of America 
Centro de Investigaciones, Universidad Antonio Narino, Bogota, Colombia 
Department of Physics and Astronomy, University of California Irvine, Irvine CA, United States of 
America 

165 (a) JNPN Gruppo Collegato di Udine, Sezione di Trieste, Udine; ICTP, Trieste; Dipartimento di 
Chimica, Fisica e Ambiente, Universita di Udine, Udine, Italy 

Department of Physics, University of Illinois, Urbana IF, United States of America 
Department of Physics and Astronomy, University of Uppsala, Uppsala, Sweden 
Instituto de Fisica Corpuscular (IFIC) and Departamento de Fisica Atomica, Molecular y Nuclear 
and Departamento de Ingenieria Electronica and Instituto de Microelectronica de Barcelona 
(IMB-CNM), University of Valencia and CSIC, Valencia, Spain 

Department of Physics, University of British Columbia, Vancouver BC, Canada 
Department of Physics and Astronomy, University of Victoria, Victoria BC, Canada 
Department of Physics, University of Warwick, Coventry, United Kingdom 
Waseda University, Tokyo, Japan 

Department of Particle Physics, The Weizmann Institute of Science, Rehovot, Israel 
Department of Physics, University of Wisconsin, Madison WI, United States of America 
Fakultat fiir Physik und Astronomic, Julius-Maximilians-Universitat, Wurzburg, Germany 
Fachbereich C Physik, Bergische Universitat Wuppertal, Wuppertal, Germany 
Department of Physics, Yale University, New Haven CT, United States of America 
178 Yerevan Physics Institute, Yerevan, Armenia 

Centre de Calcul de Tlnstitut National de Physique Nucleaire et de Physique des Particules (IN2P3), 
Villeurbanne, France 

“ Also at Department of Physics, King’s College Fondon, Fondon, United Kingdom 
^ Also at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan 
^ Also at Novosibirsk State University, Novosibirsk, Russia 


43 



^ Also at TRIUMF, Vancouver BC, Canada 

^ Also at Department of Physics, California State University, Fresno CA, United States of America 
^ Also at Department of Physics, University of Fribourg, Fribourg, Switzerland 

^ Also at Departamento de Fisica e Astronomia, Faculdade de Ciencias, Universidade do Porto, Portugal 
Also at Tomsk State University, Tomsk, Russia 
' Also at CPPM, Aix-Marseille Universite and CNRS/IN2P3, Marseille, France 
^ Also at Universita di Napoli Parthenope, Napoli, Italy 
^ Also at Institute of Particle Physics (IPP), Canada 

^ Also at Particle Physics Department, Rutherford Appleton Laboratory, Didcot, United Kingdom 
Also at Department of Physics, St. Petersburg State Polytechnical University, St. Petersburg, Russia 
” Also at Louisiana Tech University, Ruston LA, United States of America 
° Also at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona, Spain 
P Also at Department of Physics, National Tsing Hua University, Taiwan 
^ Also at Department of Physics, The University of Texas at Austin, Austin TX, United States of 
America 

'' Also at Institute of Theoretical Physics, Ilia State University, Tbilisi, Georgia 
Also at CERN, Geneva, Switzerland 
' Also at Georgian Technical University (GTU),Tbilisi, Georgia 
“ Also at Ochadai Academic Production, Ochanomizu University, Tokyo, Japan 
" Also at Manhattan College, New York NY, United States of America 
Also at Institute of Physics, Academia Sinica, Taipei, Taiwan 
Also at EAE, Universite Paris-Sud and CNRS/IN2P3, Orsay, Prance 
^ Also at Academia Sinica Grid Computing, Institute of Physics, Academia Sinica, Taipei, Taiwan 
^ Also at Moscow Institute of Physics and Technology State University, Dolgoprudny, Russia 
“ Also at Section de Physique, Universite de Geneve, Geneva, Switzerland 
Also at International School for Advanced Studies (SISSA), Trieste, Italy 

Also at Department of Physics and Astronomy, University of South Carolina, Columbia SC, United 
States of America 

Also at School of Physics and Engineering, Sun Yat-sen University, Guangzhou, China 
“ Also at Paculty of Physics, M. V.Eomonosov Moscow State University, Moscow, Russia 
Also at National Research Nuclear University MEPhI, Moscow, Russia 
“P Also at Department of Physics, Stanford University, Stanford CA, United States of America 
Also at Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics, Budapest, 
Hungary 

Also at Department of Physics, The University of Michigan, Ann Arbor MI, United States of America 
Also at Discipline of Physics, University of KwaZulu-Natal, Durban, South Africa 
Also at University of Malaya, Department of Physics, Kuala Eumpur, Malaysia 
* Deceased 


44 



